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Anaiomyofa 


OptiHaler^  reinvents  MDI  delivery. 

Its  patented  aerodynamic  design 
creates  a  more  effective  aerosol  mixture 
—  richer  in  smaller  particles,  with  fewer 
of  the  larger,  less  desirable  ones; 

OptiHaler  makes  more  aerosol  available 
for  delivery  to  the  lungs  than  ordinary 
static  spacers. 

And  it  does  all  this  in  a  convenient, 
compact  unit  that's  as  easy  to  use 
as  1,2,3. 

1.  Patient  begins  inhaling. 

2.  Patient  presses  down  on  MDI 
canister  and  holds  it  down, 
continuing  to  take  a  full,  deep 
breath. 

3.  Patient  holds  breath  for  8-10 
seconds. 


For  more  information  on  how 
your  patients  can  benefit  from 
OptiHaler  "call  1-800-962-1266 

or  use  this  coupon. 


Make  sure  your  patients  get  the  full 
benefit  of  their  MDI  medication. 

Recommend  OptiHaler. 


True  Portability 

OptiHaler  goes 
anywhere...  and 
the  MDI  canister 
stores  conveniently- 
Inside. 


Air  enters  through  intake  vents, 
mixing  with  aerosol  plume  and 
reversing  its  flow. 
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HealthScan  Products  Inc. 

908  Pompton  Avenue 
Cedar  Grove,  NJ  07009-1292 


Drug  Delivery  System  For  Use  With  Metered  Dose  Inhalers 

The  promise  of  MDI  therapy... delivered. 

From  the  makers  of  ASSESS '  Peak  Flow  Meters 


Dynamic  mixing  action 
keeps  smaller  particles  in 
suspension,  lets  larger 
particles  settle  out. 


Breakthrough 
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Cam  action 
advances  inner 
chamber,  opening 
additional  air  vents. 


Aerosol  particles  are 
directed  away  from 
mouth. 


I 


J- 


References:  1.2.  Da,a  on  We.HeaimScan  products  ,nc  US  Pa.en,  No  5.040.527         OA760002-0     8/92 

Circle  1 1 0  on  reader  service  card 


0ID  You  Know? 

We  lowered  our  prices  and  completed  our  family. 

We  listened  and  responded  to  market  demand  by  lowering  prices 
on  our  entire  line  of  PMR  2  reusable  manual  resuscitators. 
Puritan-Bennett's  new  infant  model  completes  the  family,  making 
us  the  onl>  company  to  offer  a  full  line  of  both  reusable  and  dis- 
posable manual  resuscitators. 


The  infant  PMR  2  features  the  same 
overall  proven  design,  excellent 
compliance  and  high  oxygen  con- 
centration as  our  other  manual 
resuscitators. 

Let  Puritan-Bennett  iie  liie  single 
source  for  all  your  resuscitator 
needs.  —  Because  breathing  is  our 
imsiness  and  has  been  for  over  ^9 
years.  Call    1-800-255-6773. 
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Volume  Ventilation 
YiELDsTo  Pressure 


BiPAP®  S/T  is  the  first  pressure  support 
ventilator  designed  specifically  for  mask  application 

Noninvasive  ventilation  with  BiPAP  SfY  is  ideal  therapy 
for  supporting  spontaneously  breathing  patients. 
Clinical  studies  prove  the  BiPAP  System  to  be  an  effec- 
tive alternative  to  traditional  volume  ventilators.  In 
addition,  compared  to  volume  ventilators,  BiPAP  Sfl: 

•  Is  more  affordable 

•  Offers  greater  patient  comfort 

•  Can  lead  to  a  higher  rate  of  compliance 

•  Is  easy  to  use 

While  common  mask  leaks  can  interfere  with  therapy 
delivered  by  volume  ventilators,  BiPAP  S/T  is  designed 
to  both  tolerate  and  compensate  for  most  leaks 


effectively.  The  BiPAP  System's  unique  technology 

enables  it  to: 

•  Automatically  make  intemal  adjustments  to 
tolerate  most  leaks 

•  Adjust  patient  sensitivity  with  every  breath  to 
deliver  consistent  therapy,  even  in  the  presence 
of  most  leaks 

•  Modify  flow  to  maintain  unsurpassed  pressure 
stabiliry 

Breathing  is  believing 

See  for  yourself  the  difference  pressure  can  make.  Call 
Respironics  at  (800)  345-6443  for  a  demonstration 
of  BiPAP  S/T.  You'll  find  that  when  it  comes  to 
comfortable  and  effective  treatment,  volume  ventila- 
tion doesn't  measure  up  to  pressure  support. 


RESPIRONICS  INC 

1001  Murry  Ridge  Drive 
Murrys\Tlle.  Pennsylvania  15668-8550 
Phone;  (800)  345-6443  or  (412)  733-0200 
Fax  (4!2)  73:^0290 

The  First  Name  In  Innovative  Respiratory  Care 

©  Respironics  Inc.  1992 
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Abstracts 


Summaries  of  Pertinent  Articles  in  Other  Journals 


Editorials,  Commentaries,  and  Reviews  To  Note 

Concerning  the  P^thics  and  Accuracy  of  Scientific  Citations  (editori- 
al)— JF  Bicbuyck.  Anesthesiology  1992:77(1  J:  1.  (Pertains  to  McLellan 
et  al  paper  abstracted  on  Page  976.) 

Diseases  of  the  Small  Airways  (review ) — JL  Wright,  P  Cagle.  A  Churg. 
TV  Colby.  J  Myers.  Am  Rev  Respir  Dis  1992:146:24(^-262. 

Hand-VVashinji  and  Nosocomial  Infections  (editorial) — D  Goldmann. 

E  Larson.  N  Engl  J  Med  1992:.^27:12().  (Pertains  to  Docbbeling  et  al 
paper  abstracted  below.) 

Airway  Responsiveness:  New  Concepts  and  Concerns  (editorial) — GL 
Larsen.  Pediatr  Pulmonol  1992;13:69. 

Bronchopulmonary    Dysplasia:    Twenty-Five    Years    Later    (com 
mentary)~WH  Northway  Jr.  Pediatrics  1992:89:969. 

Resuscitation  and  Withdrawal  of  Therapy  in  Pediatric  Intensive 
Care  (brietfeport)— RB  Mink.  MM  Pollack.  Pediatrics  1992:89:961. 

Rc-Targetinj;  Ventilatory  Objectives  in  .Adult  Respiratory  Distress 
Syndrome:  New  Treatment  Prospects — Persistent  Questions  (ediiori 

al)— JJ  Marini,  SO  KeLsen.  Am  Rev  Respir  Dis  1992;146:2-3. 


Comparative  Efficacy  of  Al- 
ternative Hand-Washinj;  .\gents  in 
Reducin)>  Nosocomial  Infections  in 
Intensive  Care  Unit — BN  Doeb- 
beling.  GL  Stanley.  CT  Sheetz.  MA 
Pealler.  AK  Houston.  L  A  Ning  Li. 
RPWenzel  1992:327:88. 

BACKGROUND:  Effective  hand- 
washing can  prevent  nosocomial  in- 
fections. |iartieiilarly  in  high  risk  ar- 
eas of  the  hospital.  There  are  few 
clinical  studies  of  the  efficacy  of  spe- 
citic  hand-cleansing  agents  in  pre- 
venting the  transmission  of  patho- 
gens from  health  care  workers  to 
patients.  METHOD.S:  For  8  monlhs. 
we  conducted  a  prospective  nuiltiple- 
crossover  trial  in\i)l\ing  1.894  adult 
patients  in  three  intensi\e  care  units 
(ICUs).  In  a  given  month,  the  ICU 
used  a  hand-washing  system  in- 
volving either  chlorhexidine.  a 
broad-spectrum  antimicrobial  agent. 


or  60%  isopropyl  alcohol  with  the 
optional  use  of  a  nonmedicated  soap: 
in  alternate  months  the  other  system 
was  used.  Rates  of  nosocomial  in- 
fection and  hand-washing  compli- 
ance were  monitored  prospectively. 
RESULTS:  When  chlorhexidine  was 
used,  there  were  152  nosocomial  in- 
fections, as  compared  w  ith  202  w  hen 
the  combination  of  alcohol  and  soap 
was  used  (adjusted  incidence-density 
ratio  |1DR|.  0.73:  9.5'*  confidence 
mter\al.  0.59-0.90).  The  largest  re- 
duction with  chlorhexiilinc  was  in 
gastrointestinal  inleclions  (ll)R. 
0.19:  95%  confidence  interval.  0.05- 
0.64).  When  chlorhexidine  was  axail- 
able.  the  rates  of  nosocomial  in- 
teclion  declined  in  each  of  the  ICUs, 
and  health  caie  workers  washed  their 
hands  more  often  than  when  alcohol 
and  soap  were  used  (relative  risk. 
1.28:  95%  confidence  interval.  1.02- 
1.60).  The  total   volume  of  alcohol 


and  soap  used  w  as  46%  that  of  chlor- 
hexidine (p  <  0.001).  CONCLU- 
SIONS: A  hand-disinfection  system 
using  an  anlimicrobial  agent  (chlo- 
rhexidine) reduces  the  rate  of  noso- 
comial infections  more  effectiveiy 
than  one  using  alcohol  and  soap.  The 
improvement  may  be  explained  at 
least  in  part  bv  better  compliance 
w  ith  hand-washing  instructions  w  hen 
chlorhexidine  was  used. 

Safety  of  Hronchoalveolar  Lavage 
and  Bronchial  Biopsies  in  Patients 
with  .\sthnia  of  Nariabic  .Se>er- 
ity — T  Van  Vyve.  P  Chanez.  J  Bous- 
ijuet.  .I-Y  Lacoste.  F-B  Michel.  P 
Godard.  Am  Rev  Respir  Dis  1992; 
146:1  16. 

■fhe  salety  ot  fiberoptic  bronchos- 
copy, hronchoalveolar  lavage  (BAL), 
and  bronchial  biopsies  has  been 
questioned    in    asthma,   and   current 
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suspension 

Sterile  Suspension 
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From  Ross  Laboratories- 
Helping  Premature  Babies  Survive^ 

Please  see  adjacent  column  for  Brief  Summary  of  prescribing  information. 


B401  2920 

«>  1992  Ross  Laboratories 


ROsa  i.ABanATaRicB 

COLUrvlBUS.   OHIO  .33216 
Diviscn  o'  Abbott  Laboratories    USa 
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BRIEF  SUMMARY  Please  see  package 
insert  tor  full  prescribing  inlormalion 

SURVANTA"  (1040) 

beractant 

intratracheal  suspension 

Sterile  Suspension  For  Iniratracheal  Use  Only 

INDICATIONS  AND  USAGE 

SURVANTA  IS  indicated  tor  prevention  and 
treatment  (rescue  )  of  Respiratory  Distress 
Syndrome  (RDSl  (hyaline  membrane  disease) 
m  premature  mlants  SURVANTA  significantly 
reduces  the  incidence  ot  RDS,  mortality  due  to 
ROS  and  air  leak  complications 
Prevention 

In  premature  infants  less  than  1250  g  birth 
weight  or  with  evidence  of  surfactant  defi- 
ciency, give  SURVANTA  as  soon  as  possible, 
preferably  within  15  minutes  ot  birth 
Rescue 

To  treat  infants  with  RDS  confirmed  by  x-ray 
and  requiring  mechanical  ventilation,  give 
SURVANTA  as  soon  as  possible,  preferably  by 
8  hours  ot  age 
CONTRAINDICATIONS 
None  known 
WARNINGS 
SURVANTA  IS  intended  tor  intratracheal  use  only 

SURVANTA  CAN  RAPIDLY  AFFECT  OXY- 
GENATION AND  LUNG  COMPLIANCE  There- 
fore, Its  use  should  be  restricted  to  a  highly 
supervised  clinical  setting  with  immediate 
availability  of  clinicians  experienced  with  intu- 
bation, ventilator  management,  and  general 
care  of  premature  mtants  Infants  receiving 
SURVANTA  should  be  frequently  monitored 
with  arterial  or  transcutaneous  measurement 
of  systemic  oxygen  and  carbon  dioxide 

DURING  THE  DOSING  PROCEDURE, 
TRANSIENT  EPISODES  OF  BRADYCARDIA 
AND  DECREASED  OXYGEN  SATURATION 
HAVE  BEEN  REPORTED  If  these  occur,  stop 
the  dosing  procedure  and  initiate  appropriate 
measures  to  alleviate  the  condition  After  sta- 
bilization, resume  the  dosing  procedure 
PRECAUTIONS 
General 

Rales  and  moist  breath  sounds  can  occur 
transiently  after  administration  Endotracheal 
suctioning  or  other  remedial  action  is  not 
necessary  unless  clear-cut  signs  of  airway 
obstruction  are  present 

Increased  probability  of  post-treatment 
nosocomial  sepsis  m  SURVANTA-treated 
infants  was  observed  in  the  controlled  clinical 
trials  (Table  3)  The  increased  risk  for  sepsis 
among  SURVANTA-treated  infants  was  not 
associated  with  increased  mortality  among 
these  infants  The  causative  organisms  were 
similar  in  treated  and  control  infants  There 
was  no  significant  difference  between  groups 
in  the  rate  of  posl-treatment  infections  other 
than  sepsis 

Use  ol  SURVANTA  in  infants  less  than  600  g 
birth  weight  or  greater  than  1750  g  birth 
weight  has  not  been  evaluated  in  controlled 
trials  There  is  no  controlled  experience  with 
use  ol  SURVANTA  in  conjunction  with  experi- 
mental therapies  for  RDS  (eg.  high-frequency 
ventilation  or  extracorporeal  membrane 
oxygenation) 

No  information  is  available  on  the  effects  oi 
doses  other  than  100  mg  phosphohpids/kg. 
more  than  four  doses,  dosing  more  frequently 
than  every  6  hours,  or  administration  after 
48  hours  ol  age 
Carcinogenesis,  Mutagenesis. 
Impairment  of  Fertility 
Rtpiodui.iiun  sludies  in  animals  have  not  been 
completed   Mutagenicity  studies  were  nega- 
tive  Carcinogenicity  studies  have  not  been 
performed  with  SURVANTA 
ADVERSE  REACTIONS 

The  most  commonly  reported  adverse  experi- 
ences were  associated  with  the  dosing  pro- 
cedure In  the  multiple-dose  controlled 
clinical  trials,  transient  bradycardia  occurred 
With  11  9%  of  doses  Oxygen  desaturation 
occurred  with  9  8%  of  doses 

Other  reactions  during  the  dosing  pro- 
cedure occurred  with  fewer  than  1%  of  doses 
and  included  endotracheal  tube  reflux,  pallor, 
vasoconstriction,  hypotension,  endotracheal 
tube  blockage,  hypertension,  hypocarbia, 
hypercarbia.  and  apnea  No  deaths  occurred 
during  the  dosing  procedure,  and  all  reac- 
tions resolved  with  symptomatic  treatment 

The  occurrence  of  concurrent  illnesses 
common  in  premature  infants  was  evaluated 
in  the  controlled  trials  The  rates  in  all  con- 
trolled studies  are  in  Table  3 
TABLE  3 


Concarnni  EnnI 


All  Controlied  Stuiltw 
SURVANTA     Control 


(N) 


IM 


Patrni  ductus  arteriosus  46  9  4M  0B14 

Inlracranul  rtemorrhige  46  1  4S  2  0  ?41 
Severe  intrKrinial 

hemodluge  24  1  23  3  0  693 

Pulmorufy  aif  leaks  10  9  24  7  -0  001 
Pulmorufv  tni«(stitial 

emphyserru  20  2  38  4  -  0  001 

Neciotiiing  enterocolitis  6  1  S3  0  427 

Apnea  6S  4  S9  6  0  283 

Severe  apnea  46  1  42  5  0  114 

PostlrBWnwnt  sepsis  20  7  16  1  0  019 

Posl-treatmenl  infection  10  2  9  1  0  345 

Pulmonary  tiemorrhage  7  2 53 Q  166 

>P-vaiue  comparing  groups  in  controlled  studies 


When  all  controlled  studies  were  pooled, 
there  was  no  difference  in  intracranial  hemor- 
rhage However,  in  one  of  the  smgle-dose  res- 
cue studies  and  one  of  the  mulliple-dose 
prevention  studies  the  rate  ot  intracranial 
hemorrhage  was  significantly  higher  m 
SURVANTA  patients  than  control  patients 
(63  3%  V  30  B\,  P  0  001,  and  48  8%  v 
34  2%,  P  0  047.  respectively)  The  rate  m 
a  Treatment  IND  involving  approximately  4400 
infants  was  lower  than  in  the  controlled  trials 

In  the  controlled  clinical  trials,  there  was 
no  effect  of  SURVANTA  on  results  of  common 
laboratory  tests  white  blood  cell  count 
and  serum  sodium,  potassium,  bilirubin, 
creatinine 

More  than  3700  pretreatment  and  post- 
treatment  serum  samples  were  tested  by 
Western  Blot  immunoassay  for  antibodies  to 
surfactant-associated  proteins  SP-B  and 
SP-C  No  IgG  or  IgM  antibodies  were 
detected 

Several  other  complications  are  known  to 
occur  in  premature  infants  The  following 
conditions  were  reported  in  the  controlled 
clinical  studies  The  rates  of  the  complica- 
tions were  not  different  in  treated  and  control 
infants,  and  none  ot  the  complications  were 
attributed  to  SURVANTA 
Respiratory  lung  consolidation,  blood  from 
the  endotracheal  tube,  deterioration  after 
weaning,  respiratory  decompensation,  sub- 
glottic stenosis,  paralyzed  diaphragm,  respi- 
ratory failure 

Cardiovascular    hypotension,   hypertension, 
tachycardia,  ventricular  tachycardia,  aortic 
thrombosis,   cardiac  failure,  cardio- 
respiratory arrest,  increased  apical  pulse, 
persistent  fetal  circulation,  air  embolism,  total 
anomalous  pulmonary  venous  return 
Gastrointestinal  abdominal  distention,  hem- 
orrhage, intestinal  perforations,  volvulus 
bowel  infarct,  feeding  intolerance,  hepatic 
failure,  stress  ulcer 
Renal  renal  failure,  hematuria 
Hematologic    coagulopathy,   thrombo- 
cytopenia, disseminated  intravascular 
coagulation 

Central  Nervous  System  seizures 
Endocrine  Metabolic  adrenal  hemorrhage, 
inappropriate  ADH  secretion,  hyper- 
phosphatemia 

Musculoskeletal  inguinal  hernia 
Systemic  fever,  deterioration 

Follow-Up  Evaluations 

To  date,  no  long-ierm  complications  or 
sequelae  ot  SURVANTA  therapy  have  been 
found 

Single-Dose  Studies 

Six-month  ad|usted-age  follow-up  evaluations 
of  232  infants  (115  treated)  demonstrated  no 
clinically  important  differences  between 
treatment  groups  in  pulmonary  and  neu- 
rologic sequelae,  incidence  or  seventy  of  reti- 
nopathy of  prematurity,  rehospitalizations, 
growth,  or  allergic  manifestations 
Multiple-Dose  Studies 
Six-month  adjusted  age  follow-up  evaluations 
have  not  been  completed  Preliminarily  in 
605  (333  treated)  of  916  surviving  infants, 
there  are  trends  for  decreased  cerebral  palsy 
and  need  for  supplemental  oxygen  in 
SURVANTA  infants  Wheezing  at  the  time  of 
examination  tended  to  be  more  frequent 
among  SURVANTA  infants,  although  there 
was  no  difference  in  bronchodilator  therapy 

Twelve-month  follow-up  data  from  the  mul- 
tiple-dose studies  have  been  completed  in 
328  (171  treated)  of  909  surviving  infants  To 
date  no  significant  differences  between  treat- 
ments have  been  found,  although  there  is  a 
trend  toward  less  wheezing  in  SURVANTA 
infants  m  contrast  to  the  six  month  results 

OVERDOSAGE 

Overdosage  with  SURVANTA  has  not  been 
reported  Based  on  animal  data,  overdosage 
might  result  in  acute  airway  obstruction 
Treatment  should  be  symptomatic  and 
supportive 

Rales  and  moist  breath  sounds  can  tran- 
siently occur  after  SURVANTA  is  given,  and 
do  not  indicate  overdosage  Endotracheal 
suctioning  or  other  remedial  action  is  not 
required  unless  clear-cut  signs  of  airway 
obstruction  are  present 

HOW  SUPPLIED 

SURVANTA  (beractant)  Intratracheal  Suspen 
sion  IS  supplied  in  single-use  glass  vials 
containing  8  mL  of  SURVANTA  (NDC 
0074-1040-08)  Each  milliliter  contains  25  mg 
of  phospholipids  (200  mg  phospholipids 
8  mL)  suspended  in  0  9%  sodium  chloride 
solution  The  color  is  off-white  to  light  brown 
Store  unopened  vials  at  refrigeration  tem- 
perature (2-8  C)  Protect  from  light  Store 
vials  in  carton  until  ready  for  use  Vials  are  for 
single  use  only  Upon  opening,  discard 
unused  drug 
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recomniendatiinis  iiulicate  that  hron- 
chiisciipios  should  onl\  be  pcitmnied 
in  mild  111  moderate  asthma.  More- 
over, in  most  studies  patients  recei\e 
preniedieaiion  with  nebiih/ed  hwn- 
ehodilators  that  nia\  enhance  the 
safety  of  the  procedures.  The  pur- 
pose of  this  stud\  was  to  determine 
(  1  1  whether  tiie  o\erall  safet\  of  fib- 
eroptic bronchoscopy.  B.^L.  and 
bronchial  biopsies  in  mild  to  moder- 
ate asthma  could  be  extended  to  pa- 
tients with  more  severe  asthma  and 
(2)  whether  these  procedures  are  safe 
without  premedication  with  neb- 
ulized bronchodilators.  A  group  of 
50  patients  with  asthma  of  variable 
severity  (FEVi,  ranging  from  37- 
1079^  of  predicted  values)  and  25 
healthy  volunteers  vsere  studied. 
Bronchoscopy.  BAL  (250  niL).  and 
four  bronchial  biopsies  were  per- 
formed in  a  standardized  manner, 
without  premedication  with  a  neb- 
ulized bronchodilator.  by  the  same 
investigator.  Safety  was  assessed  by 
clinical  follow-up.  continuous  re- 
cording of  arterial  o.xygen  saturation 
during  the  procedure  with  a  digital 
oximeter,  and  measuring  FEV,, 
FEF:5.75.  and  FVC  just  before  and  5 
min  after  bronchoscopy.  Arterial  ox- 
ygen saturation  decreased  in  asthmat- 
ic patients  from  97%  (range  91-99^^) 
(Tl)  to  92%  (range  79-98%)  (T8) 
(ANOVA,  Fisher's  PLSD)  and  in 
control  subjects  from  97%  (range 
94-99%)  (Tl)  to  93%  (range  88- 
98%)  (T8)  (ANOVA.  Fishers 
PLSD).  The  fall  in  arterial  oxygen 
saturation  was  not  significantly  dif- 
ferent between  asthmatic  and  normal 
subjects,  and  there  was  no  correla- 
tion between  arterial  oxygen  desatur- 
ation  and  the  severity  of  asthma.  In 
asthma.  FVC  decreased  significantly 
from  86.2  ±  14.6  to  64.0  ±17.1%  (p 
=  0.0001)  and  FEV|  decreased  sig- 
nificantly from  75.6  ±  16.8  to  55.3  ± 
17.2%  (p  =  0.0002).  The  fall  in  FEV, 
was  not  related  to  the  severity  of 
asthma.  In  control  subjects.  FVC  de- 
creased   significantlv    from    99.6    ± 


14.3  to  82.3  ±  19.0%  (p  =  0.0125) 
and  FEV]  decreased  significantly 
from  97.1  ±  14.0  to  80.3  ±  16.2%  (p 
=:  0.0071).  The  percentages  of  falls 
in  FVC.  FEV  I.  and  FEE:,  75  after  en- 
diiscopic  procedure  were  significant- 
ly greater  in  asthmatic  than  in  control 
subjects  (p  =  0.0121.  p  =  0.0124.  and 
p  =  0.0217.  respectively).  There  were 
no  significant  falls  in  the  ratios  FEVi/ 
FVC  or  FEF:.  -,/FVC.  either  in  asth- 
matic or  in  control  subjects.  BAL 
and  biopsies  are  well  tolerated  in 
asthmatic  patients  without  premedi- 
cation with  a  nebullized  broncho- 
dilator. even  if  they  have  se\ere  asth- 
ma or  a  low  FEVi  before  bronchos- 
copy. 

Effect  of  Allergen  Avoidance  on 
Development  of  Allergic  Disorders 
in  Infancy — SH  Arshad.  S  Matthews. 
C  Cant.  DW  Hide.  Lancet  1992;339: 
1493. 

There  is  much  e\idence  that  the  de- 
velopment of  allergic  disorders  may 
be  related  to  early  exposure  of  al- 
lergens, including  those  in  breast- 
milk.  We  have  tried  to  find  out 
whether  avoidance  of  food  and  in- 
haled allergens  in  infancy  protects 
against  the  development  of  allergic 
disorders  in  high-risk  infants.  In  a 
prenatally  randomised,  controlled 
study  1 20  infants  with  family  history 
of  atopy  and  high  (>  0.5  kU/L)  cord- 
blood  concentrations  of  total  IgE 
were  allocated  randomly  to  prophy- 
lactic and  control  groups.  In  the  pro- 
phylactic group  (n  =  58).  lactating 
mothers  avoided  allergenic  foods 
(milk.  egg.  fish,  and  nuts)  and  avoid- 
ed feeding  their  infants  these  foods 
and  soya,  wheat,  and  orange  up  to 
the  age  of  12  months;  the  infants" 
bedrooms  and  living  rooms  were 
treated  with  an  acaricidal  powder 
and  foam  every  3  months,  and  con- 
centrations of  Dennatopluigoides 
pteronyssinus  antigen  {Der  p  1)  in 
dust  samples  were  measured  by  en- 
zyme-linked   immunosorbent    assay. 


In  the  control  group  (n  =  62).  the  diet 
of  mothers  and  infants  was  unrestric- 
ted; no  acaricidal  treatment  w  as  done 
and  Dcr  p  I  concentrations  were 
measured  at  birth  and  at  9  mo.  A  pe- 
diatric allergy  specialist  Luiaware  of 
group  assigmnent  examined  the  in- 
fants for  allergic  disorders  at  10-12 
mo.  Odds  ratios  were  calculated  by 
logistic  regression  analysis  for  vari- 
ous factors  with  control  for  other 
confounding  variables.  .At  12  mo.  al- 
lergic disorders  had  de\eloped  in  25 
(40% )  control  infants  and  in  8  ( 13%) 
of  the  prophylactic  group  (odds  ratio 
6.34.  95%  confidence  interval  2.0- 
20. 1 ).  The  prevalences  at  1 2  months 
of  asthma  (4.13.  1.1-15.5)  and  ec- 
zema (3.6.  1.0-12.5)  were  also  sig- 
nificantly greater  in  the  control 
group.  Parental  smoking  was  a  sig- 
nificant risk  factor  for  total  allergy  at 
12  months  whether  only  one  parent 
smoked  (3.97.  1.2-13.6)  or  both  par- 
ents smoked  (4.72,  1.2-18.2).  Re- 
duced exposure  of  infants  to  aller- 
gens in  food  and  in  housedust  low- 
ered the  frequency  of  allergic  dis- 
orders in  the  first  years  of  life.  Pas- 
sive smoking  is  an  important  risk 
factor  that  should  be  addressed  in 
any  prophylactic  programme. 

Double-Blind  Study  of  Selective 
Decontamination  of  the  Digestive 
Tract     in     Intensive     Care — JMJ 

Hammond.  PD  Potgieter.  GL  Saun- 
ders, A  A  Forder.  Lancet  1992;340:5. 

Selective  decontamination  of  the  di- 
gestive tract  (SDD),  by  means  of 
non-absorbable  antibiotics,  to  pre- 
vent infection  in  intensive-care  units 
(ICUs)  remains  controversial;  there 
is  evidence  that  the  regimen  reduces 
the  incidence  of  secondary  infection, 
but  no  convincing  reduction  in  mor- 
bidity or  mortality  has  been  shown 
and  the  costs  and  effect  on  microbial 
resistance  patterns  need  further 
study.  In  a  double-blind,  placebo- 
controlled  trial,  we  have  tried  to  find 
out   whether   SDD   should   be   used 
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routinely  in  all  ICU  patients  at  high 
risk  1)1'  secondary  inteetion.  All  pa- 
iilmUs  admitted  to  the  ICL'  who  were 
thought  likely  to  staN  in  the  unit  tor 
at  least  5  dass  and  to  need  intubation 
for  longer  than  4S  h  were  enrolled 
and  randomly  allocated  to  groups  re- 
ceiving placebo  or  SDD  (amphoter- 
icin, colistin.  and  tobraniNcm  applied 
to  the  oropharsnx  and  enteralh  );  all 
patients  received  intra\enous  ceto- 
taxime  tor  72  h.  Of  322  patients  ran- 
domised. 83  were  withdrawn  (SO 
ICU  stay  or  duration  ot  intubation 
too  short.  3  protocol  violations).  239 
medical,  trauma,  and  surgical  pa- 
tients completed  the  trial  period  (114 
SDD.  125  placebo).  There  were  no 
differences  between  SDD  and  pla- 
cebo groups  in  incidence  of  infection 
(30  [26%]  vs  43  [34%]  patients;  p  = 
0.22).  duration  of  ICU  stay  (mean 
16.2  114.31  vs  16.8  [12.3]  days),  hos- 
pital stay  (29.9  [SO  25.0]  vs  31.9 
[22.2]  days),  or  mortality  (21  [18^*1 
vs  21  [17%]).  SDD  substantially  in- 
creased the  costs  of  intensive  care. 
Mechanisms  other  than  bacterial  co- 
lonisation of  the  gut  may  bnng  about 
substantial  numbers  of  secondary  in- 
fections in  ICUs.  Routine  use  of 
SDD  in  multidisciplinary  ICUs  can- 
not be  recommended. 

Economic  Benefits  of  Teaching  Pa- 
tients with  Chronic  Obstructive 
Pulmonary  Disease  about  Their 
Illness — L  Tougaard.  T  Krone.  A 
Sorknaes,  H  Ellegaard.  and  the 
PASTMA  Group.  Lancet  I992;339: 
1517. 

By  instructing  patients  in  how  to  deal 
with  their  disease,  financial  demands 
on  health  services  may  be  reduced. 
100  consecutive  patients  (aged  48- 
89)  admitted  to  a  general  medical 
ward  in  Denmark  with  chronic  ob- 
structive pulmonary  disease  (COPD) 
were  allocated  randomly  to  receive 
either  "personalised  hospital  prac- 
tice" (PHP),  which  includes  training 
in  aspects  of  their  disease,  or  stan- 


dard hospital  practice.  Changes  in 
'"consumptit)ii""  til  health  ser\  ices  per 
palicnt  troin  1  year  befiire  until  1 
year  alter  the  intervention  admission 
were  e\alualed  in  82  (PHP  gjoup  42. 
controls  40)  patients  who  completed 
the  inter\entioii  phase.  Each  group 
contained  about  the  same  percentage 
of  asthmatics  and  snn)kers.  The  in- 
crease in  consumption  of  health  ser- 
\ices  after  iiiter\entit)n  was  on  aver- 
age Kr  15298  1 1  Kr  «  $0.18]  per 
patient  per  year  less  in  the  PHP 
group  than  in  the  control  group  (p  = 
0.048.  Wilcoxon  test).  Consumption 
of  general  practitioner  services  was 
significantly  increased  in  the  control 
group  compared  with  the  PHP  group 
(mean  [95%  CI]  Kr  1346  [549  to 
2143]  vs  -89  [-f23  to  245]  per  pa- 
tient per  year:  p  =  0.001.  Wilcoxon 
test).  These  differences  could  not  be 
explained  by  changes  in  smoking 
habits.  PHP  reduces  the  consumption 
of  health  services  by  patients  with 
COPD.  probably  by  increasing  pa- 
tients" knowledge  of  disease  and 
hence  their  ability  to  manage  them- 
selves. 

Intermediate-Term  Results  of 
Heart-Lung  Transplantation  for 
Cystic  Fibrosis— BP  Madden.  ME 
Hodson.  V  Tsang.  R  Radley-Smith. 
A  Khaghani.  MY  Yacoub.  Lancet 
1992:339:1583. 

Between  September.  1984,  and 
March,  1991,  79  patients  underwent 
heart-lung  transplantation  for  end- 
stage  cystic  fibrosis  at  the  Harefield 
Hospital.  Short-term  outcome  has  al- 
ready been  reported,  and  we  now 
present  intermediate-term  results. 
The  overall  actuarial  patient  survival 
was  69%  at  1  year,  52%  at  2  years, 
and  49%  at  3  years.  17  patients  had 
diabetes  mellitus  with  a  survival  of 
62%  to  1  year  and  5 1  %  to  2  years.  23 
patients  had  one  or  more  other  pos- 
sible high-risk  factors,  and  survival 
of  these  patients  was  64%  at  I  year 
and  57%  at  2  years,  compared  with 


71%  and  49%,  respectively,  in  the 
low-risk  group  (n  =  56).  Psciulo- 
momts  (icriii;iiuisci  infection  was  the 
most  common  respiratory  inteetion 
encountered  postoperatively.  92'7(  of 
patients  had  at  least  one  episode  of 
acute  rejection  during  the  first  3  post- 
operative months.  Lung  functit)n  was 
greatly  improved  after  transplanta- 
tion, the  mean  forced  expiratory  vol- 
ume in  1  s  and  forced  vital  capacity 
increasing  from  22%  and  35%  pre- 
dicted, respectively,  preoperatively 
to  68%  and  70%  predicted,  respec- 
tively, by  the  sixth  postoperative 
month.  This  improvement  was  main- 
tained at  1.  2.  and  3  years  after  trans- 
plantation. Lymphoproliferative  dis- 
orders (4  patients)  were  successfully 
treated.  Obliterati\'e  bronchiolitis  de- 
veloped in  17  patients  and  the  cu- 
mulative probability  of  getting  this 
complication  at  1,  2,  and  3  years 
postoperatively  was  17%.  23%,  and 
48%,  respectively.  Overall.  7  pa- 
tients were  retransplanted.  There  was 
no  coronary  artery  disease  in  the  37 
patients  who  underwent  coronary  an- 
giography at  1  year,  14  at  2  years, 
and  9  at  3  years  after  surgery.  58  pa- 
tients donated  their  hearts  for  subse- 
quent "domino"  heart  tranplantalion. 
Our  5.5-year  experience  with  heart- 
lung  transplantation  is  encouraging, 
but  the  shortage  of  donor  organs  and 
the  complication  of  obliterative  bron- 
chiolitis are  the  two  main  obstacles 
to  be  overcome. 

Reproducibility  of  Visual  .Analog 
Scale  Measurements  of  Dyspnea  in 
Patients  with  Chronic  Obstructive 
Pulmonary  Disease — MJ  Mador.  TJ 
Kufel.  Am  Rev  Respir  Dis  1992:146: 
82. 

The  purpose  of  this  study  was  to 
evaluate  the  reproducibility  of  visual 
analog  scale  ratings  of  the  effort  to 
breathe  (VASc)  and  the  degree  of 
discomfort  evoked  by  breathing 
(VASd)  in  patients  with  chronic  ob- 
structive pulmonary  disease  (COPD) 
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your  present  ventilator  stand  up  to  the  ADULT  STAR  CHALLENGE'^ 
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during  exercise.  Six  subjects  with 
moderately  severe  COPD  (FEV,  = 
1.12  +  0.29  L,  FEV,/FVC  =  44  ± 
4%)  underwent  progressive  incre- 
mental exercise  testing  to  a  symp- 
tom-limited maximum  every  week 
for  8  wk.  VASc  and  VASj  were  high- 
ly correlated  in  each  subject  (r  =  0.99 
±  0.01).  The  slope  of  the  VASd/ 
VASc  relationship  for  all  trials  in  all 
subjects  was  not  significantly  differ- 
ent from  1,  indicating  that  our  sub- 
jects were  rating  a  common  sensa- 
tion with  the  two  scales.  VASc  at 
maximal  exercise  was  reproducible 
in  every  subject;  the  within-subject 
coefficient  of  variation  (CV)  was  6% 
(range  2-10%)  and  compared  favor- 
ably with  physiologic  indices;  7% 
(range,  3-12%)  for  oxygen  consump- 
tion and  10%  (range  5-16%)  for  min- 
ute ventilation  (V|).  In  contrast,  sub- 
maximal  VAS  ratings  were  highly 
variable.  At  66%  of  the  maximal 
work  load,  the  within-subject  CV  for 
VASc  was  21%  (range  11-28%) 
compared  with  6%  (range,  4-7%)  for 
Vo2  (p  <  0.003)  and  10%  (range,  5- 
16%)  for  Vi  (p  <  0.01).  VASe  cor- 
related linearly  with  V  and  Vqi  in  all 
subjects  in  all  trials.  However,  within 
an  individual  subject  the  slope  and 
position  of  these  relationships  varied 
widely  between  trials.  We  conclude 
that  although  maximal  VAS  ratings 
are  reproducible,  suhmaximal  VAS 
ratings  and  the  relationship  between 
VAS  ratings  and  physiologic  indices 
vary  considerably  when  exercise 
tests  are  performed  at  weekly  inter- 
vals in  patients  with  COPD. 


Peripheral  Airways  Resistance  in 
Smolders — EM  Wagner,  ER  Bleeck- 
er,  S  Permutt,  MC  Liu.  Am  Rev  Res- 
pirDis  1992;146:92. 

To  determine  peripheral  airways  re- 
sistance (Rp)  in  asymptomatic  smok- 
ers ,we  used  a  wedged  bronchoscope 
technique  to  study  19  volunteers  (18- 
44  yr  of  age)  who  actively  smoked 


for  2  to  28  pack-years.  A  fiberoptic 
bronchoscope  was  wedged  in  a  sub- 
segmental  bronchus  of  the  right 
upper  lobe.  Using  a  double  lumen 
catheter  inserted  through  the  working 
channel  of  the  bronchoscope,  we  in- 
fused 5%  CO:  in  air  through  one  lu- 
men and  measured  pressure  through 
the  sece)nd  lumen.  Rp  was  deter- 
mined as  the  average  of  the  peripher- 
al resistance  measured  at  three  or 
more  tlowrates.  This  resistance  ran- 
ged from  0.003-0.075  cm  H:0/mL/ 
min  in  the  19  subjects.  We  have  pre- 
viously shown  normal  subjects  to 
have  an  average  Rp  of  0.009  ±  0.002 
cm  H:0/mL/min  (mean  ±  SE)  and 
asthmatic  subjects  an  average  of 
0.069  ±  0.017  cm  H:0/mL/min. 
Thus,  despite  normal  pulmonary 
function  as  assessed  by  spirometry, 
these  asymptomatic  smokers  demon- 
strated a  wide  range  of  Rp  values 
from  normal  to  that  observed  in  asth- 
matic subjects.  These  findings  are 
consistent  with  a  mechanism  that 
considers  the  high  resistance  to  result 
from  inflammatory  changes  in  the 
small  airways. 


Long-Term  Prognosis  of  Near- 
Fatal  Asthma:  A  6- Year  Follow-Up 
Study  of  145  Asthmatic  Patients 
Who  Underwent  Mechanical  Ven- 
tilation for  a  Near-Fatal  Attack  of 
Asthma — CH  Marquette.  F  Saulnier. 
O  Leroy.  B  Wallaert.  C  Chopin.  JM 
Demarcq,  A  Durocher,  AB  Tonnel. 
Am  Rev  Respir  Dis  1992:146:76. 

The  objective  of  the  present  study 
was  to  investigate  the  long-temi 
prognosis  of  near-fatal  asthma.  A  ret- 
rospective cohort  study  design  was 
used.  Cases  were  defined  as  any  as- 
thmatic individual  requiring  mechan- 
ical ventilation  for  the  first  time  for 
an  asthma  exacerbation  between  Jan- 
uary 1.  1983  and  December  31, 
1988.  The  consecutive  sample  of  pa- 
tients was  drawn  from  four  study 
sites,  specifically  four  intensive  care 


units  (ICU).  based  in  a  large  urban 
area  (1  million  inhabitants).  These 
four  ICUs  total  approximately  5,000 
admissions  per  year  and  are  the  re- 
ferral centers  for  more  than  95%  of 
patients  requiring  respiratory  inten- 
sive care  in  the  area.  Data  collection 
was  obtained  by  questionnaires  ad- 
dressed to  the  patients  and  to  their  at- 
tending physicians  and  was  com- 
pleted by  telephone  calls  if 
necessary.  A  total  of  147  patients  en- 
tered the  study.  The  long-term  out- 
come could  be  evaluated  in  all  but  2 
patients.  The  follow-up  period  ran- 
ged from  1-75  mo.  In-hospital  mor- 
tality was  16.5%.  Among  the  121  pa- 
tients discharged  from  the  ICU,  18 
subsequently  died,  17  of  whom  died 
from  a  new  attack  of  asthma.  Post- 
hospitalization  mortality  was  10.1% 
(95%  CI,  5.9-16.8%)  after  1  yr, 
14.4%  (CI,  9-22.3%)  after  3  yr,  and 
22.6%  (CI.  12.7-36.8%)  after  6  yr. 
Nearly  two-thirds  (61.5%)  of  these 
secondary  deaths  occurred  within  the 
year  following  discharge  from  the 
ICU.  Smoking  was  associated  with  a 
higher  in-hospital  mortality,  as  well 
as  with  a  higher  posthospitalization 
mortality.  Age  was  also  indepen- 
dently associated  with  a  higher  post- 
hospitalization mortality.  It  is  note- 
worthy that  the  secondary  deaths 
were  mostly  observed  in  patients 
over  40  years  of  age.  Smoking  was 
associated  with  a  significantly  higher 
rehospitalization  rate.  The  high  prev- 
alence of  aspirin-sensitive  asthma 
was  of  concern,  but  aspirin-sensitive 
asthma  was  not  by  itself  related  to  a 
poorer  prognosis.  Specialized  out- 
patient management  such  as  regular 
survey  by  pulmonary  physicians  and 
assessment  of  pulmonary  function, 
was  surprisingly  infrequent.  The 
present  study  supports  the  evidence 
that  smoking  is  associated  with  a 
higher  mortality  in  some  asthmatics 
and  underscores  the  need  for  close 
and  continuous  surveillance  of  pa- 
tients who  have  experienced  a  near- 
fatal  attack  of  asthma. 
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The  Only  Ventilators  With 
Proximal  Patient  Monitoring 


Proximal  Volume 


Proximal  Flow 
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Ventilator  Pressure 


Tracheal  Pressure 


The  Hamilton  Medical  Advantage  ... 

The  VEOLAR  and  AMADEUS  are  the  only  microprocessor  ventilators  that  provide  you  with  accurate  monitoring  of 
the  patient  where  it  counts ...  at  and  in  the  patient's  airway.  Hamilton  Medical's  proven  flow  and  pressure  control- 
ling technology  provides  the  patient  with  the  lowest  imposed  Work  of  Breathing*. 


Dual  Pressure  Monitoring  ... 

Dual  site  pressure  measurement 
allows  you  to  monitor  the  ventilator 
circuit  pressure  and  the  intratracheal 
(carina)  pressure  simultaneously.  Now 
you  can  see  the  patient's  ventilatory 
demands  and  the  results  of  therapy 
where  it  counts ...  in  the  lungs! 


Proximal  Volume  and  Flow 
Monitoring  ... 

Proximal  volume  and  flow 
monitoring  shows  you  precisely 
what  the  patient  is  requiring  and 
receiving.  No  more  guess  work,  you 
have  the  necessary  tools  for  safe  and 
effective  weaning  from  the 
ventilator. 


Advanced  Graphics  ... 

Our  advanced  color  graphics 
program,  LEONARDO,  provides  you 
the  ability  to  observe;  autoPEEP, 
WOB,  PO.l,  inspiratory  and 
expiratory  resistance,  flow  and 
pressure-volume  loops.  All  at  the 
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Measurement  of  Particle  and  Mass 
Distribution  of  Pentamidine  Aero- 
sol by  I'ltrasonic  and  Air  Jet  Neb- 
ulizers— J  Hager,  K-H  Gober.  J-P 
Lohr.  M  Durr.  J  Aerosol  Med  1992; 
5:65. 

The  use  of  appropriate  nebulizers  is  a 
major  precondition  for  a  successful 
treatment  and  pre\  ention  of  Pneumo- 
cystis carina  pneumonia  with  pen- 
tamidine aerosol.  The  apparatus 
should  supply  a  sufficient  amount  of 
pentamidine  with  adequate  particle 
size.  Using  Fisons  ultrasonic  nebu- 
lizer FISO  Neb,  Model  FZV  40 
B.AMKI.  DeVilbiss  ultrasonic  nebu- 
lizer, Porta-Sonic.  Model  8500  GB. 
and  the  Marquest  Medical  Products 
jet  nebulizer  Respirgard  II,  two  pen- 
tamidine concentrations  (300  mg/6 
mL  and  60  mg/6  mL)  were  compared 


by  measuring  nebulized  pentamidine 
mass  distribution  and  particle-size  dis- 
tribution under  in-vitro  conditions  by 
means  of  a  laser  light-scattering  par- 
ticle sizer  of  the  type  Malvern  Master 
sizer.  It  was  found  that  there  were  sig- 
nificant differences  among  nebulizers. 
Mass  distribution  experiments  with 
airflow  6  L/min  showed  that  using 
FISO  Neh  the  quantit>  of  nebulized 
pentamidine  was  201.4  mg  and  36.7 
mg.  whereas  using  Porta-Sonic  the 
values  found  decreased  to  85.2  mg 
and  23.6  mg.  Using  Respirgard  II  the 
\alues  were  80.0  mg  and  10.64  mg. 
The  measured  total  duration  times  of 
nebulization  were  6-8.5  min.  12  min, 
and  25  min  for  the  nebulizers  FISO 
Neb,  Porta-Sonic.  and  Respirgard  II. 
A  decomposition  of  pentamidine  dur- 
ing nebulization  in  the  case  of  ultra- 
sonic nebulizers  doesn't  take  place. 


The  measured  mass  median  diameters 
(MMD)  were  5.6-6.9  wm,  1.96-3.04 
pm.  and  1.9-2.5  pm  for  the  nebulizers 
FISO  Neb.  Porta-Sonic  and  Respir- 
gard II.  Using  300  mg  pentamidine 
the  nebulized  amounts  of  pentamidine 
containing  particles  sizes  2  um  pre- 
dominately a\ailable  for  alveolar  dep- 
osition were  with  (\alues  of  about  43 
mg)  markedly  higher  tor  Respirgard 
II  and  Porta-Sonic  than  the  measured 
10.5  mg  for  FISO  Neb. 

The  Effect  of  .\cid  .Aerosols  on  Air- 
way Responsiveness  in  Asthmat- 
ics— R  Jorres,  H  Magnussen.  J  Aero- 
sol Med  1992:5:103. 

Most  investigations  ha\e  shown  that 
short-term  exposure  to  acid  aerosols 
did  not  cause  airway  obstruction  in 
normal  subjects  at  concentrations  up 
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to  1  mg/m'  whereas  some  studies 
could  demonstrate  ad\erse  effects  in 
asthmatic  subjects  at  concentrations 
of  0.1  mg/m'  or  higher.  Inhalation  of 
acid  aerosols  may  produce  airway 
hyperreactivity  to  carbachol  in  nor- 
mal subjects  and  may  enhance  air- 
way hyperreactivity  in  asthmatic  sub- 
jects. We  investigated  12  patients 
with  bronchial  asthma  inhaling  aero- 
sols of  either  saline  (S),  ammonium 
sulfate  (AS),  or  sulfuric  acid  (SA). 
Two  inhalations  of  10  min  were  per- 
formed 30  min  apart.  Thirty  minutes 
later,  a  hyperventilation  challenge 
with  0.75  ppm  SO:  was  performed. 
We  determined  the  ventilation  rate 
necessary  to  increase  SR;™  by  100%, 
PVi(i<iSR.,„,  by  stepwise  increasing 
ventilation.  The  response  showed 
large  variation  after  AS  and  SA.  with 
no  significant  differences  between 
the  first  and  the  second  inhalation. 
SR„„  was  significantly  increased  af- 
ter AS.  Mean  PV|„„SR„.  did  not  dif- 
fer between  S,  AS,  and  SA.  In  a  sec- 
ond experiment  we  investigated  in  6 
patients  with  bronchial  asthma  the 
effect  of  short-term  inhalation  of  am- 
monium nitrate  aerosol.  We  did  not 
observe  an  effect  of  nitrate  aerosol  of 
airway  responsiveness  to  sulfur  diox- 
ide. From  these  data  we  conclude 
that  in  patients  with  mild  asthma 
short-term  inhalation  of  sulfate  aero- 
sols produces  small  effects  on  lung 
function,  no  refractoriness,  and  no 
change  of  bronchial  responsiveness 
to  hyperventilation  of  SO:.  In  addi- 
tion, short-term  inhalation  of  am- 
monium nitrate  aerosol  does  not  af- 
fect bronchial  responsiveness  to 
sulfur  dioxide. 

Relationship  between  Urinary  Co- 
tinine  Level  and  Diagnosis  in  Chil- 
dren Admitted  to  Hospital — AC 
Reese,  IR  James,  LI  Landau.  PN  Le- 
souef  Am  Rev  Respir  Dis  1992: 14(S: 
66. 

The  reported  association  between 
passive  smoking  and  respiratory  ill- 


ness in  children  has  been  based  on 
the  parents"  assessment  of  their  own 
lc\cl  of  smoking.  To  more  critically 
evaluate  a  causal  relationship  be- 
tween passive  smoking  and  child- 
hood ill  health.  v\c  used  urinary  co- 
linine.  which  is  the  major  metabolite 
of  nicotine  and  has  a  long  hall-life, 
to  objecti\cly  quantitate  the  level  of 
passive  smoking  in  children.  L'rine 
was  collected  from  609  children  (me- 
dian age  3.8  y.  range  1  month  to  17 
y)  on  admission  to  hospital;  colinine 
levels  were  obtained  in  491  of  these 
samples,  and  a  comprehensive  res- 
piratory questionnaire  was  com- 
pleted for  468  children.  Statistical 
analysis  was  carried  init  on  trans- 
formed data  using  both  parametric 
and  nonparametric  statistics.  Co- 
tinine  levels  in  the  children  correlat- 
ed with  the  parents"  current  smoking 
(p  <  0.001).  Elevated  levels  were 
found  in  the  41  children  admitted 
with  bronchiolitis  compared  \vith  a 
group  of  similarly  aged  children  with 
nonrespiratory  illnesses  (p  <  0.02). 
Elevated  levels  were  not  found  for 
any  other  diagnosis.  We  conclude 
that  the  urinary  cotinine  approach 
has  provided  objective  e\ idence  link- 
ing passive  smoking  to  hospital  ad- 
mission for  bronchiolitis  in  infants. 

Recommendations  for  Improving 
Cardiopulmonary  Resuscitation 
Skills  Retention— DK  Moser.  S 
Coleman.  Heart  Lung  1992;2 1:372. 

Massive  community  efforts  are  de- 
voted to  delivering  cardiopulmonarv 
resuscitation  (CPR)  training  to  health 
professionals  and  lay  people.  How- 
ever, although  most  people  can  suc- 
cessfully learn  to  perform  CPR, 
skills  retention  is  universally  poor. 
Beginning  as  early  as  2  weeks  after 
initial  training,  CPR  skills  begin  to 
deteriorate  in  a  w ide  \ariei\  of  sub- 
jects including  nurses,  plnsicians. 
emergency  medical  technicians,  fam- 
ily members  of  patients  w  ith  cardiac 
disease,  and  other  lay  people.  Meth- 


ods tested  to  improve  retention  are 
reviewed,  and  the  role  of  practice 
and  review  is  examined.  The  failure 
of  many  factors  to  improve  retention 
of  CPR  skills  is  discussed.  Finallv, 
suggestions  for  improvement  in  re- 
tention of  CPR  skills  based  on  a  re- 
view of  the  literature  and  pertinent 
theory  are  offered. 

Changes  in  Crackle  Character- 
istics during  the  Clinical  Course  of 
Pneumonia — P  Piirilii.  Chest  1992; 
102:176. 

Recorded  crackling  lung  sounds  of 
1 1  patients  with  pneumonia  were 
studied  with  phonopneumography, 
FFT  spectrography  and  time-expand- 
ed waveform  displav.  The  sounds 
were  recorded  on  average  6  days  af- 
ter the  onset  of  pneumonia  and  the 
recording  was  repeated  2  to  4  days 
later.  In  the  first  recording  the  crack- 
les were  coarse  and  midinspiratory. 
The  patients  with  unilateral  pneu- 
monia had  a  significant  difference  in 
the  upper  frequencv  limit  of  inspi- 
ratory sound  of  the  FFT  spectrum  be- 
tween the  healthy  and  diseased  lung 
(p  <  0.01).  In  the  second  recording, 
the  beginning  of  crackling  had  shift- 
ed later  (p  <  0.01)  and  the  end  point 
of  crackling  also  became  later  (p  < 
0.0.5).  The  largest  detlection  width  of 
the  individual  crackles  became  short- 
er (p  <  0.05).  The  results  indicate 
that  the  pneumonic  crackles  vary 
markedlv  during  the  clinical  course 
of  pneumonia.  The  duration  of  the 
individual  crackles  became  shorter 
and  the  liming  of  the  crackles  shifted 
low  ard  the  end  of  inspiration. 

Trust,  but  V  erify:  The  Accuracy 
of  References  in  Four  .Anesthesia 
Journals — MF  Mcl.ellan.  LD  Case. 
MC  Barnett.   Anesthesiology    1992; 

77:185. 

To  determine  the  accuracy  of  biblio- 
graphic citation  in  the  anesthesia  lit- 
erature, we  reviewed  all    1988  vol- 
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SURVIVING  RDS 
IS  HARD  ENOUGH 


THE  LAST  THING 
HE  NEEDS  IS  IVH 


<» 


REDUCE  THE  RISK  OF 
CEREBRAL  HEMORRHAGE 


Significant  IVH  Reduction  in 
Infants  >1250g 

Despite  successes  in  improving  the  survival 
of  infants  with  RDS,  intraventricular  hemor- 
rhage (IVH)  remains  a  serious  problem.^^ 
However,  in  a  recently  reported  placebo- 
controlled  rescue  trial  in  infants  >  1250  g, 
EXOSURF  Neonatal  actually  reduced  the 
incidence  of  IVH.^  In  thals  of  smaller  infants 
(<  1250  g),  EXOSURF  Neonatal  has  never 
been  observed  to  significantly  increase  IVH. 


Incidence  of  IVH  (All  Grades) 

■5j5fflS 

>         1    22% 

NEONATAL 

HT. 

(n^615) 

"if^  ■'■:>-   ■ 

1 

f    PLACEBO    ' 

"^^^■K  V.^^^^^^M^ 

(n  =  622) 

P=  0.036 

Two-dose  treatment.  Incidence  of  IVH  in  infants  weigfiing 

1250  g  or  more 

Adapted  from  Long  et  al- '»"°°' 

Significant  BPD  Reduction  in 
Infants  >1250g 

In  the  rescue  trial  involving  over  1200 
infants,  administration  of  EXOSURF  Neonatal 
significantly  reduced  the  incidence  of 
bronchopulmonary  dysplasia  (BPD)  by  nearly 
50%  (P  =  0.021). 


Incidence  of  BPD  Among  RDS  Survivors 


NEONATAL 

2.6% 


(n  =  614) 


48% 

REDUCTION 


(n  =  623) 


/>=  0.021 


Two-dose  treatment.  Incidence  of  BPD  in  28-day  survivors 
following  RDS  in  infants  weighing  1250  g  or  more. 
Adapted  from  Long  et  ai'""'^' 


No  Increase  in  Sepsis 

No  difference  in  the  incidence  of  sepsis  has 
been  seen  with  EXOSURF  Neonatal  during 
placebo-controlled  trials  (n  =  1517).  The 
rate  of  sepsis  was  similar  in  an  open  trial  of 
11,455  infants."^ 

No  Animal  Proteins 

EXOSURF  is  purely  synthetic  and  carries  no 
known  infectious  or  immunologic  risks. 

Other  Safety  Considerations 

Various  forms  of  pulmonary  air  leak  were 
reduced  in  all  controlled  trials.  A  single  con- 
trolled study  in  infants  500-699  g  reported 
a  significant  increase  in  pulmonary  hemor- 
rhage.' Significant  increases  in  apnea  were 
reported  in  three  controlled  trials.'  "*"  Apnea 
appears  to  be  a  marker  for  improved  survival; 


ExOSUrf  NEONAmL" 

(Colfoscdil  Palmitatc,  Cctyl  Alcohol, 

lyloXapoD  For  Intratracheal  Suspension/10-mL  vial 

INCREASES  RDS  SURVIVAL. 
REDUCES  RISKS^ 

•I        Please  see  brief  summary  of  full  prescribing  information  on  following  page. 

•Increased  pulmonary  hemorrhage  was  noted  in  one  trial  of  infants  500  699  g'. 
increased  apnea  has  been  noted  in  some  trials.'  "'^ 


ExOSUrf  NEONATAL" 

(Colfosceril  Palmitatc,  Cctyi  Alcohol, 

TYlOXapol)  For  Intratracheal  Suspension/10-mLviaI 

INCREASES  RDS  SURVIVAL. 
REDUCES  RISKS* 


'Increased  pulmonary  hemorrhage  was  noted  in  one  trial  of  infants  500-699  g^: 
increased  apnea  has  been  noted  in  some  trials. '  -^ 


PLEASE  CONSULT  FULL  PRODUCT  INFORMATION  BEFORE  PRESCRIBING 

INDICATIONS  AND  USAGE:  Exosurl  Neonalal  is  indicated  lor  1  Prophylactic 

Ireatment  of  intanis  with  birth  weights  of  less  than  1350  gtams  who  are  al  nsk  of 
developing  RDS  (see  PRECAUTIONS),  2  Prophylactic  treatment  of  infants  with 
birth  weights  greater  than  1350  grams  who  have  evidence  of  pulmonary  immatun- 
ty,  and  3  Rescue  trealmeni  of  infants  who  have  developed  RDS 
CONTRAINDICATIONS:  There  are  no  known  contraindications  to  treatment  with 
Enosurf  Neonatal 

WARNINGS:  Intratracheal  Administration  Only:  Exosurl  Neonatal  shouW  be 
administered  only  by  instillation  mlo  the  trachea  (see  DOSAGE  AND  ADMINIS 
TRATIQNi  General:  The  use  of  Exosurl  Neonatal  requires  expert  dinical  care  by 
expenenced  neonatologisls  ^d  other  clinicians  who  are  accomplished  at  neona- 
tal intubation  and  ventilatory  marwgement  Adequate  personnel,  faalrties,  equip- 
ment, and  medications  are  required  to  optimize  perinatal  outcome  in  premature 
inlants  Vigtiant  dmical  attention  should  be  given  to  all  inlants  pnor  to,  dunng,  and 
alter  administration  of  Exosuft  Neonatal  Acute  Effects:  Exosurl  Neonatal  can 
rapidly  affect  oxygenation  and  lung  compliance  Lung  Compliance:  II  chest 
expansion  improves  substantially  after  dosing,  peak  ventilator  inspiratory  pres- 
sures should  be  reduced  immediately,  without  waiting  tor  confirmation  of  respira- 
tory impfovemeni  by  blood  gas  assessment  Failure  to  reduce  inspiratory  ventila- 
tor pressures  rapidly  in  such  instances  can  result  in  lung  overdistenbon  and  lalal 
pulmonary  air  leak  Hyperoxia:  If  the  infant  becomes  pink  and  transcutaneous 
oxygen  saturation  is  in  excess  ot  %%.  f\0?  should  be  reduced  in  small  but 
repealed  steps  (until  saturation  is  90  to  95%)  without  waiting  lor  confirmation  of 
elevated  artenal  pO?  by  blood  gas  assessment  Failure  to  reduce  Fi0l>  in  such 
instances  can  result  in  hyperoxia  Hypocarbia:  If  arterial  or  transcutaneous  CO; 
measurements  are  <30  torr,  the  ventilator  rale  should  be  reduced  at  once  Failure 
to  reduce  ventilator  rales  in  such  instances  can  result  in  marked  hypocarbia, 
which  IS  known  lo  reduce  brain  blood  flow  Pulmonary  Hemorrhage:  In  the  sin- 
gle study  conducted  m  inlants  weighing  <700  grams  at  birth,  the  incidence  o(  pul- 
monary hemorrhage  (10%  vs  2%  in  the  placebo  group)  was  significantly  increased 
in  the  Exosurl  Neonatal  group  None  of  the  live  studies  involving  infants  with  birth 
weights  >700  grams  showed  a  significant  increase  m  pulmonary  hemorrhage  m 
the  Exosurl  Neonatal  group  In  a  cross-study  analysis  ol  these  five  studies,  latal 
pulmonary  hemorrhage  occurred  in  three  inlanls,  two  in  the  Exosurl  Neonatal 
group  and  one  in  the  placebo  group  Mortality  from  all  causes  among  inlants  who 
developed  pulmonary  hemorrhage  was  43°  o  m  the  placebo  group  and  37%  in  the 
Ej<osurf  Neonalal  group  Pulmonary  hemorrtiage  in  both  Exosurl  Neonalal  and 
placebo  infants  was  more  frequent  in  inlants  who  were  younger,  smaller,  male,  or 
who  had  a  palent  ductus  artenosus  Pulmonary  hemorrhage  typically  occured  m 
the  first  2  days  ol  life  in  both  treatment  groups  Mucous  Plugs:  Inlants  whose 
ventilation  becomes  markedly  impaired  dunng  or  shortly  after  dosing  may  have 
mucous  plugging  of  the  endotracheal  tube,  particularly  if  pulmonary  secretions 
were  prominent  pnor  lo  dnjg  administration  Suctioning  ol  all  mtanls  pnor  to  dos- 
ing may  lessen  the  chance  of  mucous  plugs  obstnjcting  the  endotracheal  tube  It 
endotracheal  tube  obstruction  from  such  plugs  ts  suspected,  and  suctioning  is 
unsuccessful  in  removing  the  obstruction,  the  blocked  endotracheal  lube  should 
be  replaced  immediately 

PflECAimONS:  General:  In  the  controlled  clinical  studies,  inlants  known  prena- 
tally  or  postnatally  lo  have  ma|or  congenital  anomalies,  or  who  were  suspected  of 
having  congenrtal  infection,  were  excluded  from  entry  However,  these  disorders 
cannot  be  recognized  early  in  life  in  all  cases,  and  a  lew  infants  with  these  condi- 
tions were  entered  The  benefits  of  Exosurl  Neonalal  m  the  atfecled  inlants  who 
received  dnjg  appeared  lo  be  similar  lo  Ihe  benefits  observed  in  inlants  without 
anomalies  or  occull  infection  Prophylactic  Treatment— Infants  <700  Grams:  In 
infants  weighing  500  to  700  grams,  a  single  prophylactic  dose  ol  Exosurl  Neonatal 
significantly  improved  FiOr  and  ventilator  settings,  reduced  pneumothorax,  and 
reduced  death  Irom  RDS,  but  increased  pulmonary  hemorrhage  (see  WARN- 
INGS) Overall  mortality  did  nol  differ  significantly  between  Ihe  placebo  and 
Exosurl  Neonatal  groups  Data  on  multiple  doses  m  infants  in  this  weighl  dass  are 
not  yel  available  Rescue  Treatment— Number  ot  Doses:  A  small  number  of 
infants  with  RDS  have  received  more  than  two  doses  of  Exosurl  Neonalal  as  res- 
cue Irealmeni  Definitive  dala  on  the  salety  and  efficacy  ol  Ihese  additional  doses 
are  not  available  Carcinogenesis,  Mutagenesis.  Impairment  of  Fertility: 
Exosurl  Neonatal  at  concentrations  up  lo  10,0(X)  MQ^P'^'e  was  nol  mulagemc  m 
Ihe  Ames  Salmonella  assay  Long  term  studies  have  not  been  performed  in  ani- 
mals to  evaluate  the  carcinogenic  polenlial  ol  Exosurl  Neonatal  The  effects  ol 
Ejtosurt  Neonalal  on  fertility  have  not  been  studied. 
ADVERSE  REACTIONS: 

General:  Premature  birth  is  assoaated  with  a  high  incidence  of  morbidity  and 
mortality  Despite  signilicani  reductions  in  overall  mortality  associated  with 
Exosurl  Neonatal,  some  inlanls  who  received  Exosurl  Neonatal  developed  severe 
complicafions  and  either  survived  with  permanent  handicaps  or  died  In  controlled 
dinical  sludies  evaluating  Ihe  safely  and  elficacy  of  Exosurl  Neonatal,  numerous 
salety  assessments  were  made  In  infants  receiving  Exosurl  Neonatal,  pulmonary 
hemorrtiage.  apnea  and  use  ol  melhylxanthines  were  increased  A  number  ol 
ottier  adverse  events  were  significantly  reduced  in  the  Exosurl  Neonatal  group, 
particularly  vanous  forms  ol  pulmonary  air  leak  and  use  of  pancuronium  Reflux: 
ReflUK  ol  Exosurl  Neonalal  mlo  Ihe  endotracheal  lube  dunng  dosing  has  been 
observed  and  may  be  assooaled  with  rapid  drug  admmislration  II  reflux  occurs. 


drug  administration  should  be  halted  and,  if  necessary  peak  inspiratory  pressure 
on  the  ventilator  should  be  increased  by  4  to  S  cm  H_-0  until  the  endotracheal  lube 
dears  >20%  Drop  in  Transcutaneous  Oxygen  Saturation:  If  transcutaneous 
oxygen  saturation  dedines  dunng  dosing,  drug  administration  should  be  hailed 
and,  if  necessary,  peak  inspiratory  pressure  on  the  ventilator  should  be  increased 
by  4  to  5  cm  H^O  for  1  to  2  minutes  In  addition,  increases  ol  RO  may  be  required 
for  1  to  2  minutes 

DOSAGE  AND  ADMINISTRATION:  Preparation  ol  Suspension:  Exosurl 
Neonatal  is  best  reconstituted  immediately  belore  use  Ijecause  it  does  not  contain 
antibactenal  preservatives  However,  the  reconst)luted  suspension  is  chemically 
and  physically  stable  virhen  stored  at  2  to  30 "C  (36  to  86f)  for  up  to  12  hours 
following  reconstitulion  Solutions  containing  buffers  or  preservatives  should  nol 
be  used  lor  reconstitution  Do  Nol  Use  Bacteriostatic  Water  tor  Injection.  USP. 
Each  vial  of  Exosurl  Neonatal  should  be  reconstituted  only  with  6  mL  ol  the 
accompanying  diluent  (presen/alive-free  Stenle  Water  (or  Inieclioni  Dosage: 
Accurate  determination  ot  weight  at  birth  is  the  key  to  accurate  dosing. 
Prophylactic  Treatment:  The  first  dose  of  Exosurl  Neonatal  should  be  admmis 
tered  as  a  single  5  mL^g  dose  as  soon  as  possible  after  birth  Second  and  third 
doses  should  be  administered  approximately  12  and  24  hours  later  to  all  infants 
who  remain  on  mechanical  ventilation  at  those  times.  Rescue  Treatment: 
Exosurl  Neonatal  should  be  administered  in  two  5  mL'kg  doses  The  initial  dose 
should  be  administered  as  soon  as  possible  after  the  diagnosis  of  RDS  is  con- 
firmed The  second  dose  should  be  administered  approximately  12  hours  follow- 
ing Ihe  first  dose,  provided  the  infant  remains  on  mechanical  venWation  Use  ot 
Special  Endotracheal  Tube  Adapter:  With  each  vial  of  Exosurf  Neonalal  for 
inlratracheal  Suspension,  five  different  sized  endotracheal  tube  adapters  each 
with  a  speaal  nghl  angle  Luer"-lock  sideport  are  supplied  The  adapters  are  dean 
bul  not  slenle  Administration:  The  infant  should  be  suctioned  pnor  to  adminis- 
tration of  Exosurl  Neonalal  Exosurl  Neonatal  suspension  is  admtnislered  via  the 
sideport  on  Ihe  speaal  endotracheal  lube  adapter  WTTHOUT  INTERRUPTING 
MECHANICAL  VENTILATION.  Each  Exosurl  Neonalal  dose  is  administered  m 
two  2  5  mL/kg  half-doses  Each  half-dose  ts  instilled  slowly  over  1  lo  2  minutes 
(30  to  50  mechanical  breaths)  in  small  bursts  nmed  with  inspiration  After  the  first 
2  5  mL/kg  hall-dose  is  administered  in  the  midline  position,  the  infant  s  head  and 
torso  are  turned  45"  to  the  right  for  30  seconds  while  mechanical  ventilation  is 
continued.  After  the  mtant  is  returned  to  the  midline  position,  the  second  2  5 
mL/Vg  hall-dose  is  given  in  an  identical  fashion  over  another  1  to  2  minutes  The 
infants  head  and  lorso  are  then  turned  45  to  the  left  for  30  seconds  while 
mechanical  ventilation  is  continued,  and  the  infant  is  then  turned  back  to  ttw  mid- 
line position  These  maneuvers  alkjw  gravity  lo  assist  in  the  distnbubon  of  Exosurl 
Neonatal  in  the  lungs  Dunng  dosing,  heart  rale  color,  chest  expansion,  faaal 
expressions,  the  oximeter,  and  the  endotracheal  tube  palency  and  position  should 
be  monitored  Suctioning  should  not  be  performed  lor  two  hours  alter 
Exosurf  Neonatal  is  administered,  except  when  dictated  by  clinical  neces- 
sity. 

HOW  SUPPLIED:  Exosurf  Neonalal  for  Inlratracheal  Suspension  is  supplied  m  a 
carton  containing  one  10  mL  vial  of  Exosurf  Neonatal  lor  Intratracheal 
Suspension,  one  10  mL  vial  of  Slenle  Water  for  Injecfton.  and  five  endotracheal 
tube  adapters  (2  5,  3  0,  3  5,  4  0,  and  4  5  mm  1,0 )  (NDC  0081-0207-01 )  Store 
Exosurl  Neonalal  lor  Intratracheal  Suspension  at  15^  lo  30<;  (59'  to  e6T)  in  a 
dry  place 

EDUCATIONAL  MATERIAL:  A  videotape  on  dosing  is  available  from  your 
Burroughs  Wellcome  Co  representative  This  videotape  demonstrates  techniques 
for  safe  administration  ol  Exosurl  Neonatal  and  should  be  viewed  by  health  care 
professionals  who  will  administer  the  dnjg 
bcensed  under  U  S  Patent  Nos  4312860  and  4826821  500009 
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ABSTRACTS 


umes  of  Anesthesiology.  Anesthesia 
and  Analgesia.  British  Journal  of 
Anaesthesia,  and  Canadian  Journal 
of  Anaesthesia  and  sequentially  num- 
bered all  references  appearing  in  that 
year  (n  =  22,748).  One  hundred  refer- 
ences from  each  of  the  four  journals 
were  randomly  selected.  After  cita- 
tions to  nonjoumal  articles  (ie.  books 
or  book  chapters)  were  excluded,  the 
remaining  348  citations  were  ana- 
lyzed in  detail.  Six  standard  biblio- 
graphic elements — authors"  names, 
article  title,  journal  title,  volume 
num-ber,  page  numbers,  and  year — 
were  examined  in  each  selected  refer- 
ence. Primary  sources  were  re\  iewed. 
unless  our  institution  did  not  own  the 
source  or  could  not  obtain  it  through 
interlibrary  loan,  in  which  case  stan- 
dard indexes,  abstracting  services,  and 
computerized  databases  were  con- 
sulted. Each  element  was  checked  for 
accuracy,  and  references  were  classi- 
fied as  either  correct  or  incorrect.  A 
reference  was  correct  if  each  element 
of  the  citation  was  identical  to  its 
source.  Of  the  examined  references, 
more  than  half  (50. 3"^^)  contained  an 
error  in  at  least  one  element.  The  ele- 
ments most  likely  to  be  inaccurate 
were,  in  descending  order,  article  ti- 
tle, author,  page  numbers,  journal  ti- 
tle, volume  number,  and  year.  No 
significant  differences  (p  =  0.283) 
existed  in  the  error  rates  of  the  four 
journals:  the  percentage  of  citations 
containing  at  least  one  error  ranged 
from  44%  (Anesthesia  and  Anal- 
gesia) to  56*^  (British  Journal  of  An- 
aesthesia). The  citation  error  rate  of 
anesthesia  journals  is  similar  to  that 
reported  in  other  specialties,  where 
error  rates  ranging  from  38-54% 
have  been  documented. 

Measurement  of  .\lveolar  Gas 
Mixing  in  .Mechanically  Ventilated 
Patients— WJ  Kox.  Ci  Mills.  Crit 
Care  Med  1992:20:924. 

OBJECTIVE:  To  evaluate  a  comput- 
er-based, realtime,  multibreath  nitro- 


gen washout  technique  in  mechan- 
ically ventilated  patients,  incor- 
porating an  in-line  fiow  measure- 
ment de\ice  to  measure  functional 
residual  capacity  and  two  indices  of 
gas  mixing,  ventilatory  efficiency, 
and  alveolar  mixing  efficiency.  SET- 
TING: ICU.  Charing  Cross  Hospital. 
London.  DESIGN:  Within-patient  re- 
producibility of  a  multibreath  nitro- 
gen washout  technique.  PATIENTS: 
7  intubated  patients  requiring  me- 
chanical ventilation.  1  patient  com- 
pleted two  sets  of  readings.  INTER- 
VENTIONS: Patients  were  connected 
to  a  pneumatically  driven  ventilator 
fitted  with  a  switching  device  to  be 
operated  either  by  an  appropriate  ox- 
ygen-nitrogen mixture  or  equiv- 
alently  blended  oxygen-argon  mix- 
ture. An  inspiratory-expiratory.  two- 
way  valve  was  attached  to  the  de- 
livery port  of  the  ventilator,  with  a 
pneumotachograph  for  flow  meas- 
urement and  a  gas  sampling  probe 
for  gas  concentration  measurement 
in  line  with  the  patient's  endo- 
tracheal tube.  The  analog  signals 
were  digitized  and  handled  by  a  mi- 
crocomputer. MEASUREMENTS  & 
MAIN  RESULTS:  No  significant 
differences  were  found  for  any  in- 
dex, with  coefficients  of  variation  of 
1.5%.  2.9%.  and  2.1%r  for  functional 
residual  capacity,  ventilatory  ef- 
ficiency, and  alveolar  mixing  ef- 
ficiency. respecti\ely.  CONCLU- 
SIONS: This  method  gives  excellent 
reproducibility  for  biological  meas- 
urements in  a  clinical  setting  and 
shows  that  these  measurements  can 
readily  be  made  on  mechanically 
ventilated  patients. 

Metabolic  Requirements  in  Tet- 
anus—DM  Linton.  Y  Wells.  PD  Pot- 
gieter.  Crit  Care  Med  1992;20:950. 

OBJECTIVE:  To  measure  the  meta- 
bolic requirements  of  patients  with 
severe  tetanus  who  require  mechan- 
ical ventilation.  DESIGN:  Pros- 
pective, consecutive,  open  study  us- 


ing routine  monitoring.  SETTING:  A 
multidisciplinary  ICU  in  a  large 
teaching  hospital.  PATIENTS:  5 
consecutive  patients  (age  range  30- 
54  yrs)  with  severe  tetanus.  4  pa- 
tients had  clinical  evidence  of  sym- 
pathetic ner\ous  system  overactivity. 
INTERVENTIONS:  All  patients  were 
mechanically  ventilated  and  appro- 
priately treated  for  severe  tetanus. 
Sympathetic  nervous  system  over- 
activity was  reduced  by  the  admin- 
istration of  sedatives.  MEASURE- 
MENTS &  MAIN  RESULTS:  Meas- 
urements of  metabolic  rates  were 
made  using  an  indirect  calorimetry 
device.  Each  of  the  5  patients  had  3 
8-hr  periods  of  continuous  metabolic 
monitoring  for  each  of  3  levels  of 
daily  enteral  nutritional  support.  The 
measured  metabolic  rates  varied 
from  1.310  to  2.050  kcal/24  hrs  (pre- 
dicted 1.280  to  1.770  kcal/24  hrs). 
The  \ariations  from  predicted  basal 
metabolic  rates  \aried  from  -6.3%  to 
4-10.5%.  CONCLUSIONS:  The  meas- 
ured metabolic  rates  of  patients  with 
severe  tetanus  who  are  appropriately 
sedated  are  relati\ely  constant  and  are 
within  10.5%  of  the  predicted  basal 
metabolic  rates. 

Antioxidant  Treatment  with  N- 
Acetylcysteine  during  Adult  Res- 
piratory Distress  Syndrome:  A 
Prospective,  Randomized,  Placebo- 
Controlled  Study — S  Jepsen.  P  Her- 
levsen.  P  Knudsen.  MI  Bud.  N-O 
Klausen.  Crit  Care  Med  1992:20: 
918. 

OBJECTIVE:  To  examine  whether 
the  antioxidant  N-acetylcysteine 
could  ameliorate  the  course  of  the 
adult  respiratory  distress  syndrome 
(ARDS)  in  man.  DESIGN:  Ran- 
domized, double-blind,  placebo- con- 
trolled study.  SETTING:  Medical 
and  surgical  ICU  in  a  regional  hos- 
pital. PATIENTS:  66  ICU  patients 
with  ARDS.  INTERVENTIONS:  Pa- 
tients with  ARDS  (PaO:/Fio:  ratio  < 
250  torr)  were  treated  with  either  the 


RESPIRATORY  CARE  •  SEPTEMBER  '92  Vol  37  No  9 


977 


The  amazingly 

simple  way  to 

revolutionize  your 

blood  gas  and 

electrolyte  testing... 


idPremia 


a  portable  blood  gas  and 
electrolyte  system 


Easy-to-use 

Proven  performance  and  accuracy 

System  controls  for  proper 
satellite  operation 

Maintenance-free  operation 

Flexible 

Different  Premier  Pak  cartridges  are  available: 

•  pH,  PO2,  PCO2,  Na+,  K+,  iCa++,  Hct 

•  pH,  PO2,  PCO2,  (optional  Hct) 

•  Na+,  K+,  iCa++,  Hct 

Complete  documentation 

A\ailable  on  screen,  pnntoLit  and  diskette 

Automatic,  customizeable  QA 
At  no  extra  cost 

With  compellable  per-test  material  costs, 
CiHM  Premier  offers  significant  overall  savings 
by  minimizing  maintenance,  downtime,  and 
operating  costs 


Interested?  We'll  tell  you  more! 

It  you're  responsible  for  blood  gas  and  electrolyte  testing  and  want 
to  learn  more  about  (iFM  Pi'emier,  call: 

1-800-262-3654 


Mallinckrodt  Sensor  Systems,  Inc. 

1590  Eisenhower  Place 

Ann  Arbor,  Ml  48108-3248  U.S.A. 

(800)  262-3654  or  313-973-7000 


Q 


ALLINCKRODT 

Sensor  Systems 


Copyright  C  1992.  Mallinckrodt  Sensor  Systems.  Inc 

GEM  IS  a  fCgtStrcfrt  tf.irifm,irk  n1  Mallinckrodt  Scn'.nr  Sytfrms,  Inc   MSSISIC 

Circle  140  on  reader  service  card 


ABSTRACTS 


antioxidant  N-acct\  Ic\  stcine  1 50 
mg/kg  as  a  loading  dose  and  then  20 
mg/kg/hr.  or  with  placebo  for  6  days. 
MEASUREMENTS  &  MAIN  RE- 
SULTS: No  improvement  could  he 
demonstrated  in  the  Pao/Fio;  latio  in 
the  stud\  group  as  compared  v\  ith  the 
control  group  on  an\  da\.  Pulmonarv 
compliance  was  higher  in  the  N- 
acetylcysteine  group  than  in  the  pla- 
cebo gre)up  on  all  da\s.  but  this  dif- 
ference did  not  reach  the  chosen  5% 
level  of  significance.  No  difference 
between  the  two  groups  could  be 
demonstrated  on  chest  radiograph  or 
on  sur\i\ al  rate.  We  documented  that 
N-acetylcysteine  acts  as  an  anticoag- 
ulant and  perhaps  decreases  pulmo- 
nary fibrin  uptake  during  ARDS. 
CONCLUSIONS:  N-acetylcysteine 
might  be  of  benefit  in  ARDS.  Before 
further  clinical  studies  are  started. 
problems  with  N-acetylcysteine  and 
coagulation  have  to  be  elucidated  in 
order  to  find  out  whether  N-acetyl- 
cysteine could  have  a  beneficial  ef- 
fect in  the  treatment  of  ARDS. 

Use  of  Arm  Crank  Exercise  in  the 
Detection  of  Abnormal  Pulmonary 
Gas  Exchange  in  Patients  at  Low 
Altitude— TW  Martin.  RJ  Zeballos, 
IM  Weisman.  Chest  1992;  102: 169. 

BACKGROUND:  The  measurement 
of  arterial  blood  gases,  P(A-a)0:  and 
VdA't.  during  cycle  ergometry  is  the 
"gold  standard"  for  the  assessment  of 
pulmonary  gas  exchange.  However, 
some  patients  are  unable  to  perform 
cycle  ergometry  because  of  other  med- 
ical problems.  STUDY  OBJECTIVE: 
To  determine  whether  arm  crank  ex- 
ercise could  be  u.sed  to  reliably  de- 
tect gas  exchange  abnormalities  com- 
pared to  cycle  ergometry.  PARTICI- 
PANTS: 15  patients  with  a  variety  of 
pulmonary  disorders,  who  were  re- 
ferred for  exertional  dyspnea.  DE- 
SIGN: All  patients  performed  maxi- 
mal arm  crank  and  cycle  exercise. 
Arterial  blood  gases.  Vq:,  Vco:.  and 
Ve  were  measured  at  rest  and  during 


exercise.  RESULTS:  Compared  to 
peak  cvcle  exercise  (mean  ±  SD),  P.,(): 
(85  ±  14  vs  75  ±  13  toiT,  Sa02  (94  ±  2 
vs  91  ±4  9c).  Vn/Vr  (0.21  ±  0.07  vs 
0.19  ±  0.08).  and  pH  (7.37  ±  0.04  vs 
7.34  ±  0.03)  were  significantly  higher 
during  peak  arm  crank  exercise.  The 
P(A-a)02  (18  ±  13  vs  29  ±  12  torr) 
was  narrower,  and  PaCO;  (29  ±  3  vs 
29  ±  4  torr)  and  Pad:  ( 104  ±  4  vs  103 
±  4  torr)  were  similar.  Six  patients 
had  normal  gas  exchange  during  cy- 
cle exercise  at  low  altitude  P(A-a)0: 
27  torr,  PaO:  65  torr,  Vd/Vj  0.18) 
and  nine  were  abnormal.  Utilizing 
criteria  specific  for  arm  crank  at  low 
altitude,  the  same  six  patients  had 
niirmal  gas  exchange  P(A-aiO:  13 
torr.  Pao:  >  85  torr.  VdA't  0.26). 
and  the  remaining  nine  were  ab- 
normal. The  P(A-a)0:  during  peak  arm 
crank  was  the  most  useful  criteria  in 


identifying  patients  with  abnormal 
gas  exchange.  CONCLUSION:  Pro- 
posed criteria  for  arm  crank  exercise 
testing  accuratels  idciiiificd  all  pa- 
tients with  normal  and  abnormal  pul- 
monary gas  exchange  during  cycle 
exercise.  The  data  from  the  present 
study  suggest  that  arm  crank  can  be 
an  acceptable  alternative  exercise 
testing  modality  for  the  assessment 
of  pulmonary  gas  exchange. 

The  Role  of  Bronchoscopy  in  the 
Diagnosis  of  Pulmonary  Tuber- 
culosis in  Patients  at  Risk  for  HIV 
Infection — SH  Salzman.  ML  Schin- 
del.  CP  Aranda.  RL  Smith.  ML  Lew- 
is. Chest  1992;  102: 143. 

The  present  study  was  undertaken  to 
clarify  the  role  of  bronchoalveolar 
lavage  (BAD  and  transbronchial  bi- 
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opsy  (TBB)  in  the  diagnosis  ot  pul- 
monary tuberculosis  in  patients  at 
risk  lor  human  innnunodeficiencN  vi- 
rus (HIV)  infection.  We  retrospec- 
tively identified  31  patients  at  risk 
for  HIV  who  pro\ed  to  have  Myco- 
haclehwn  tuberculosis  on  culture  of 
at  least  one  pulmonars  specimen.  All 
had  pulmonary  symptoms  but  initial 
sputum  smears  negative  for  acid-fast 
bacilli  (.^FB).  All  underwent  fiber- 
optic bronchoscopy  (FOB),  including 
BAL  and  TBB:  postbronchoscopy 
sputum  was  also  collected  in  19  pa- 
tients. A  specimen  was  considered  to 
yield  an  immediate  diagnosis  when 
positive  for  AFB  either  on  smear  or 
histologic  study;  granulomas  alone 
were  considered  positive  when  no 
other  causes  were  identified.  Overall, 
an  immediate  diagnosis  was  made  by 
bronchoscopic  specimens  in  1? 
(48"^  )  of  .31  cases.  TBB  was  the  sole 
positive  specimen  in  7  patients  (23 
%).  For  comparison,  similar  speci- 
mens from  40  patients  in  whom  M 
avium  complex  (MAC)  grew  on  cul- 
ture were  also  evaluated.  An  immedi- 
ate identification  of  AFB  was  made 
in  only  4  patients  (KM).  We  con- 
clude that  the  finding  of  AFB  on 
staining  of  any  pulmonary  specimen 
is  highly  suggestive  of  tuberculosis, 
rather  than  MAC.  and  warrants  in- 
stitution of  antituberculosis  therapy. 
Of  all  bronchoscopic  specimens. 
TBB  provides  the  highest  yield  for 
an  immediate  diagnosis  of  tuberculo- 
sis. 

Reliability  of  a  Respiratory  His- 
tory Qiu'stioniiaire  and  Klfect  of 
Mode  ol  .\dministration  on  Clas- 
sitlcation  of  .Asthma  in  Children 

JK  F\'at.  CM  .Salome.  B(i  loelle.  A 
Bauman.  A.I  Woolcock.  Chest  1992: 
102: 1. "^3. 

Because  there  is  no  consensus  defini- 
tion of  asthma  for  cpidemiologv.  we 
have  examined  the  rchabihlv  of  a 
questionnaire  and  the  effect  of  its 
mode  (^f  ailministralion  on  classifica- 
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tion  of  asthma  in  children.  A  symp- 
tom history  questionnaire  was  parent 
self-administered  and  then  re-admin- 
istered within  3  months  by  a  nurse. 
The  questions  of  diagnosed  asthma, 
cumulativ  e  w  hee/e.  and  recent  whec/e 
(whee/.e  in  the  previous  12  mon) 
were  more  repeatable  than  questions 
of  night  cough,  but  7'(  of  children 
changed  diagnosed  asthma  category. 
139f  changed  cumulative  wheeze 
category,  and  99c  changed  recent 
wheeze  category  at  second  ques- 
tionnaire. Because  the  numbers  who 
changed  from  symptom  positive  to 
negative  roughly  equalled  the  chang- 
es from  negative  to  positive,  prev- 
alence estimates  were  not  affected. 
Methods  of  measuring  asthma  with 
greater  precision  are  urgently  need- 
ed. Because  of  reporting  bias,  epi- 
demiologic information  collected  by 
cunent  questionnaires  should  be 
treated  w  ith  some  caution. 

Evaluation  of  Breath-by-Breath 
Measurement  of  Respiratory  (las 
Exchange    in    Pediatric    Exercise 

Testing — T  Rcvbrouck.  F  Deroost. 
LG  Van  Der  Hauwaert.  Chest  1992: 

102:147. 

In  adults,  breath-by-breath  analysis 
has  been  used  for  measuring  respi- 
rator) gas  exchange  during  exercise. 
The  present  study  evaluates  the  va- 
lidity and  reproducibility  of  this 
method  in  children.  In  21  patients 
with  various  types  of  congenital 
heart  disea.se,  steady  state  exercise 
testing  was  performed  on  a  motor- 
driven  treadmill.  Based  on  si- 
multaneous measurements  of  Vo;. 
Vo.  Vi;.  and  R.  comparisons  were 
made  between  the  breath-by-breath 
and  Douglas-bag  methods.  No  sig- 
nificant differences  were  found  be- 
tween bt)th  methods  for  any  of  the 
variables.  In  7  other  patients  the  re- 
producibilitv  of  cardiorespiratory  var- 
iables during  exercise  was  assessed. 
No  significant  difference  was  found 
for    the    cardiorespiratorv'    variables 
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during  any  of  the  tests  and  the  co- 
efficients of  \ariation  were  compar- 
able to  data  obtained  in  adults.  It  is 
concluded  that  the  breath-b) -breath 
method  for  measuring  respiratory 
values  can  be  applied  in  children 
with  an  acceptable  degree  of  \  alidit\ 
and  reproducibility. 


Evaluation  of  Respiratory  In- 
ductive Plethysmography  in  the 
Measurement  of  Breathing  Pattern 
and  PEEP-Induced  Changes  in 
Lung  Volume— P  Yalta.  J  Takala.  R 
Foster.  C  Weissman.  JM  Kinne\. 
Chest  1992:102:234. 

STUDY  OBJECTIVE:  To  assess  the 
accuracy  of  the  respiratory  inductive 
plethysmography  in  the  measurement 
of  PEEP-induced  changes  in  end- 
e.xpirator)  lung  volume  during  me- 
chanical ventilation  and  its  accuracy 
and  stability  in  the  measurement  of 
ventilation  during  controlled  mechan- 
ical ventilation  and  spontaneous 
breathing.  DESIGN:  An  open  com- 
parison between  two  methods  using  a 
criterion  standard.  Either  a  pneu- 
motachometer  (mechanically  ven- 
tilated patients)  or  a  spirometer 
(spontaneously  breathing  subjects) 
was  used  as  the  reference  method. 
SETTING:  Tertiary  care  center:  a 
multidisciplinary  intensive  care  unit 
and  a  metabolic  research  unit.  PA- 
TIENTS: 6  mechanically  ventilated, 
paralyzed  postoperative  open  heart 
surgery  patients.  6  spontaneously 
breathing  COPD  patients,  and  8 
healthy  volunteers.  INTERVEN- 
TIONS: Stepwise  increases  and  re- 
ductions of  PEEP  from  0  to  12  cm 
H:0  during  controlled  mechanical 
ventilation:  repeated  validation  of  the 
calibration  of  the  respiratory  induc- 
tive plethysmography  (RlPi  in  both 
mechanically  ventilated  and  spontan- 
eously breathing  subjects.  MEAS- 
UREMENTS &  RESULTS:  The  base- 
line drift  of  the  RIP  in  \itro  was  10 
mL/150  min  and  in  a  ventilated  model 


it  was  20  mL/150  min.  In  mechan- 
ically ventilated  patients,  the  mean 
error  of  the  calibration  after  1.^0  min 
was  within  ±.5'*.  Change  in  end- 
expiratorv  lung  volume  (EELV)  dur- 
ing the  stepw  ise  increase  of  PEEP  up 
to  12  cm  H:0  was  849  ±  13  mL 
with  the  RIP  and  809  ±  123  niL  with 
the  pneumotachometer  (PT).  and 
during  the  stepwise  reduction  of 
PEEP  it  was  845  ±  124  mL  and  922 
±  122.  respectively  (not  significant 
(NS|).  The  mean  difference  between 
methods  in  the  measurement  of 
change  in  EELV  was  -6.6  ±  3.5  9f 
during  increasing  and  6.6  ±  6.7  'yr 
during  decreasing  PEEP  (NS).  Both 
in  mechanically  ventilated  and  spon- 
taneously breathing  subjects,  the  dif- 
ference between  methods  was  sig- 
nificant for  Vt  and  Vy/t,.  The  dif- 
ference in  Vj  was  -2.2  ±  0.2'7f  dur- 
ing mechanical  ventilation,  -1.1  ± 
0.5'^  in  spontaneously  breathing 
COPD  patients,  and  2.9  ±  0.4%  in 
healthy  volunteers  (NS  between 
groups).  CONCLUSIONS:  The  RIP 
is  sufficiently  accurate  for  the  meas- 
urement of  PEEP-induced  changes  in 
EELV  during  controlled  mechanical 
\entilation.  The  accuracy  of  tidal 
\olume  measurement  is  similar  dur- 
ing mechanical  ventilution  and  spon- 
taneous breathing.  The  calibration  of 
the  RIP  is  stable  enough  for  bedside 
monitoring  of  changes  in  lung  vol- 
umes. 

Survival  of  Patients  with  Severe 
Thoracic  Spine  Deformities  Re- 
ceiving Domiciliary  Oxygen  Ther- 
apy— K  Strom.  K  Pehrsson.  J  Boe. 
A  Nachemson.  Chest  1 992: 1 02: 1 64. 

Scoliosis  can  lead  to  respiratory  fail- 
ure and  premature  death.  Alveolar 
hypo\entilation  is  a  dominant  cause 
and  artificial  ventilation  at  home 
(AVH)  is  probably  the  treatment  of 
choice.  It  has  been  suggested  that 
long-term  domiciliary  oxygen  ther- 
apy (LTO)  is  of  little  value  because 
of  the  worsening  of  hypercapnia.  We 


analyzed  survival  and  predictors  of 
death  among  80  patients  v\ith  scolio- 
sis and  other  severe  thoracic  spine 
deformities  receiving  LTO  for  chron- 
ic hspo.xia.  The  survival  rate  was 
higher  in  patients  under  the  age  of  65 
(p  =  0.01)  and  in  patients  without 
concomitant  pulmonary  or  airways 
disease.  Likewise,  the  survival  rate 
was  higher  in  patients  with  a  P.,(0:  of 
>  7.4  kPa  than  in  patients  with  a  less- 
er degree  of  hypoventilation  and  h\  - 
percapnia  (p  <  0.05).  The  risk  of  de- 
veloping life-threatening  hypercap- 
nia during  well-controlled  LTO  ap- 
peared to  be  small.  In  younger  pa- 
tients without  complicating  disease, 
long-term  survival  was  achieved 
with  LTO.  but  with  time,  an  in- 
creasing proportion  of  the  patients 
changed  to  AVH.  with  or  without 
LTO. 

A  Two-Bag  System  for  Continuous 
Measurement  of  Oxygen  Uptake — 

JH  Auchincloss.  R  Gilbert.  GW 
Eighty  Jr.  D  Peppi.  CL  Hare.  Chest 

1992:102:112. 

Collection  of  mixed  expired  gas  in  a 
bag  has  been  a  classic  method  for  the 
estimation  of  Vq,  during  the  steady 
state  but  has  not  been  employed  dur- 
ing unsteady  state  exercise  in  part  be- 
cause there  is  a  need  for  suspending 
the  acquisition  of  data  during  the  pe- 
riod of  gas  analysis  unless  many 
bags  are  used.  In  this  study  a  two- 
bag  system  is  described  in  which  one 
bag  fills  while  the  other  is  analyzed. 
Bag  volume  is  under  the  control  of 
the  operator,  and  we  employed  vol- 
umes of  30-50  L.  Thirty-one  subjects 
were  studied  with  this  circuit  in  a 
progressive  treadmill  test.  Although 
Vo;  could  be  falsely  elevated  during 
periods  of  overbreathing,  this  source 
of  error  could  be  identified  and  its  ef- 
fect reduced  if  Vq:  was  plotted 
against  both  ventilation  and  power 
requirement.  Plateau  values  of  V02 
were  identified  only  in  6  subjects  and 
the  ventilatorv  threshold  in  16. 
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Nonphysician  Transport  of  In- 
tubated Pediatric  Patients:  A  Sys- 
tem Evaluation  AJ  Bcsci  111.  G 
Land,  A  Zaritsky.  Crit  Care  Med 
1W2:2():M61. 

OBJECTIVE:  To  e\aliiatc  the  occur- 
rence of  complications  and  patient  de- 
teriorations during  the  air  and  ground 
transportation  of  intubated  pediatric 
patients,  performed  by  a  nonphy- 
sician-based  team  under  the  direction 
of  an  intensive  care  attending  phy- 
sician or  fellow ,  DESIGN:  Retrospec- 
tive chart  review.  SEITING:  A  600- 
bed  university  hospital  with  a  16-bed 
neonatal  ICU  and  a  12-bed  pediatric 
ICU.  PATIENTS:  All  intubated  pe- 
diatric patients  (422  of  614  patients 
transported  during  the  study  period) 
transported  by  the  dedicated  neonatal/ 
pediatric  transport  team  from  April 
1988  to  April  1990.  MEASURE- 
MENTS &  MAIN  RESULTS:  The 
transport  records  of  intubated  pe- 
diatric patients  were  abstracted.  Re- 
corded data  included  age.  weight,  ges- 
tational age.  vital  signs,  diagnosis, 
interventions  received,  and  use  of  par- 
alytic agents  and  sedatives/analgesics. 
Patients  were  analyzed  in  three 
groups:  Group  1  (n  =  295)  included 
neonates:  Group  2  (n  =  66)  included 
patients  >  1  month  and  <  1  yr  of  age; 
and  Group  3  patients  (n  =  61)  were 
ages  >  1  yr.  Group  1  had  9  (3.1%) 
complications  or  patient  deteriora- 
tions; 4  (1.4%)  were  related  to  the  en- 
dotracheal tube.  Group  2  had  1  (1.5%) 
airway  complication  and  I  deteriora- 
tion. Group  3  had  no  complications  or 
deteriorations.  All  but  one  of  the  air- 
way complications  were  effectively 
handled  by  the  transport  team.  At  the 
referring  hospital,  the  transport  nurse 
or  respirator)  therapist  intubated  62 
(19.8%)  patients  in  Group  1.  5  (7.5%) 
in  Group  2,  and  3  (4.9%)  patients  in 
Group  3.  67  (23%),  21  (32%),  and  30 
(49%)  patients  of  Groups  1,  2.  and  3, 
respectively,  were  paralyzed  for  trans- 
port. No  complications  were  secon- 
dary to  the  use  of  paralytic  agents  or 


sedatives.    CONCLUSIONS:    Under 

proper  medical  guidance,  well-trained 
nonphysician  personnel  can  provide 
low -risk  transport  of  intubated  pe- 
diatric patients.  Use  of  sedatives  and 
paralytic  drugs  did  not  increase  the 
risk  of  complications  ov  patient  de- 
terioratit)n. 

Ethical  Aspects  of  Pediatric  Home 
Care — JD  Lantos.  AF  Kohniian.  Pe- 
diatncs  1992:89:920. 

This  essay  is  a  discussion  of  ethical  is- 
sues that  arise  in  the  provision  of 
home  health  care  to  technology- 
dependent  children.  Different  ethical 
norms,  especially  with  regard  to  the 
degree  of  professional  responsibility 
for  outcomes,  traditionally  have  ap- 
plied to  home  care  and  hospital  care. 
In  particular,  parents  generally  are  ex- 
pected to  do  their  best,  but  are  not  ex- 
pected to  have  the  same  specialized 
knowledge  of  risks  and  benefits  with 
regard  to  particular  interventions  as 
health  professionals.  When  home 
health  care  involves  the  use  of  ad- 
vanced medical  technology,  it  strains 
traditional  conceptions  of  parental  re- 
sponsibilities to  care  for  the  health  of 
their  children  at  home.  It  can  also 
strain  traditional  concepts  of  pro- 
fessional responsibilities  to  care  for 
critically  ill  children  in  hospitals.  We 
discuss  some  of  the  tensions  that  arise 
as  medical,  psychological,  and  ec- 
onomic forces  lead  to  the  increas-ing 
use  of  high  technology  in  the  care  of 
children  outside  of  traditional  health 
care  institutions. 

The  Effects  of  Respiratory  Training 
with  Inspiratory  Elow -Resistive 
Loads    in    Premature    Infants — S 

Tan.  S  Duara.  GS  Nelo.  M  Afework. 
T  Gerhardt,  E  Bancalari.  Pediatr  Res 
1992:31:613. 

Respiratory  training  of  premature  in- 
fants was  performed  to  detemiine 
whether  improved  respiratory  muscle 
strength  and/or  endurance  would  re- 


sult. Twenty  Iwii  premature  infants 
were  randomized  into  control  and 
training  groups  for  2  wk,  using  in- 
spiratory flow-resistive  loads  for  train- 
ing (75  cm  H:0  ■  s  ■  L  '  in  wk  1  and 
90  cm  H:0  ■  s  L  '  in  wk  2).  Res- 
piratory endurance  was  assessed  by 
the  time  interval  required  for  the  de- 
velopment of  a  5-torr  rise  in  trans- 
cutaneous CO:  tension  during  the  hy- 
poventilation  induced  by  loaded 
breathing,  using  a  moderately  severe 
resistive  load  (250  cm  H:0  ■  s  •  L  '  at 
1  L  •  min '),  Respiratory  strength  was 
assessed  by  the  maximum  negative 
airway  pressure  generated  during  oc- 
cluded breaths,  a  pressure-time  inte- 
gral, and  an  effort  index.  Results  re- 
vealed that  respiratory  muscle  endur- 
ance, which  was  not  initially  different 
between  control  and  trained  groups,  in- 
creased significantly  after  2  wk  in  the 
trained  group  by  137%  (median  value, 
p  <  0.05).  whereas  it  remained  un- 
changed in  the  control  group  (-24%). 
The  trained  group  of  infants  also 
showed  a  significant  decrease  in  base- 
line breathing  frequency  between  the 
initial  and  final  measurements  taken  2 
wk  apart  when  compared  with  con- 
trols (p  <  0.05)  and  a  lesser  increase 
in  inspiratory  time  with  loading  in  the 
final  measurement  as  compared  with 
the  initial  value  (p  <  0.05).  There  was 
no  significant  difference  between  the 
control  and  trained  groups  in  initial  or 
subsequent  measures  of  respiratory 
muscle  strength.  Inspiratory  tlow- 
resistive  load  training  appeiirs  to  im- 
prove the  respiratory  endurance  of 
premature  infants  in  whom  respiratory 
muscle  fatigue  has  been  described  to 
pla\  a  role  in  the  development  of  res- 
piratory failure. 

The  Relationship  betv^een  Rhyth- 
mic Swallowing  and  Breathing  dur- 
ing Suckle  Eeeding  in  Term  Neo- 
nates~0  Bamford.  V  Taciak.  IH 
Gewolb.  Pediatr  Res  1992:31:619. 

Little  is  known  of  the  development 
of    efficient    coordination    between 
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suckle  feeding  and  breathing  in  human 
infants.  To  establish  baseline  data,  we 
recorded  breathing  and  swallowing  ac- 
tivity during  bottle  feeds  in  23  infants 
at  14-48  h  postnatal  age.  Most  swal- 
lows (overall  mean  6S7c)  were  or- 
ganized into  runs,  with  intervals  start- 
ing at  0.6-0.8  s  and  slowing  to  1-1.3  s 
after  30-40  s.  The  proportion  of  run 
swallows  to  total  swallows  increased 
significantly  with  age.  Swallow  inter- 
vals were  regular  (coefficient  of  \aria- 
tion  =  18-38'>^)  compared  with  breath- 
ing (coefficient  of  \ariation  =  SO^r). 
Both  breathing  rate  and  tidal  \olume 
were  significantly  reduced  by  the  on- 
set of  suckle  feeding,  and  the  pattern 
of  respiratory  airfiow  became  mark- 
edly itregular.  Mild  transient  de- 
saturation  v\'as  common,  but  was  not 
accompanied  b\  changes  in  heart  rate. 
Swallows  could  occur  in  all  phases  of 
breathing.  Overall,  equal  numbers  of 
swallows  were  preceded  by  expi- 
ration and  inspiration,  but  twice  as 
many  were  followed  by  expiration 
compared  with  inspiration.  Swallows 
were  classified  by  the  respiratory  phas- 
es both  preceding  and  following  the 
swallow.  Swallows  occurred  in  all 
possible  classifications  in  each  of  the 
infants  studied.  The  incidence  of  the 
most  frequent  classification  (inspi- 
ration-swallow-expiration) was  24*?^ 
o\erall  (indi\idual  range  3-50'J).  The 
phase  relation  between  swallov\'s  and 
breaths  changed  frequenth  but 
showed  occasional  short  periods  of 
stability  during  which  the  breathing 
became  regular  and  tidal  volume  in- 
creased. We  conclude  that  at  <  48  h 
the  normal  infant  has  little  coord- 
ination between  swallowing  and 
breathing  rhythms  and  maintains 
rhythmic  swallowing  at  the  expense  of 
eupnea. 


Surfactant  Lavage  in  a  Piglet  Mod- 
el of  Meconium  .Aspiration  Syn- 
drome— MS  Paranka.  W  F  Walsh. 
BB  Stancombe.  Pediatr  Res  1992:31: 
625. 


Meconium  aspiration  continues  to  be 
a  major  cause  of  morbidity  and  mor- 
tality in  newborn  infants,  and  is  one 
of  the  most  common  indications  for 
extracorporeal  membrane  oxygena- 
tion. Lab  studies  have  suggested  that 
meconium  inactivates  surfactant  and 
displaces  surfactant  from  the  alveolar 
surface.  A  recent  report  has  sugges- 
ted a  clinical  role  for  surfactant  ther- 
apy in  human  infants  with  meconium 
aspiration.  We  evaluated  the  effect  of 
surfactant  (Survanta)  lavage  on  a  pig- 
let model  of  meconium  aspiration. 
Meconium  pneumonitis  was  created 
by  administration  of  4  mL/kg  of  a 
20'/('  slurry  of  human  meconium  via 
endotracheal  tube.  Twenty-four  new- 
bom  piglets  were  then  randomly  as- 
signed to  one  of  three  groups:  ( 1 ) 
suction  only  (n  =  7).  (2)  saline  lavage 
(n  =  5).  or  (3)  surfactant  lavage  (n  = 
7).  Five  piglets  were  excluded  from 
analysis  due  to  death  from  pneu- 
mothorax during  meconium  ad- 
ministration (n  =  3).  death  from  pneu- 
mothorax during  saline  la\age  (n  - 
1 ).  and  death  from  pneumo-thorax 
during  surfactant  lavage  (n  =  1).  The 
surfactant  group  had  a  statis-tically 
significant  (p  <  0.05)  improvement  in 
arterial-to-alveolar-oxygen-ratio  gra- 
dient \ersus  both  control  groups  for 
the  first  3  h.  The  oxygenation  index 
was  statistically  significant  versus  the 
suction  only  group  at  1,  3,  and  4  h. 
Surfactant  lavage  of  meconium  as- 
piration in  piglets  results  in  short- 
term  improvement  of  oxygenation 
and  w  arrants  further  study. 

What  Is  the  Legal  'Standard  of 
Medical  Care'  When  There  Is  No 
Standard  Medical  Care?  A  Survey 
of  the  Use  of  Home  Apnea  Mon- 
itoring by  Neonatology  Fellowship 
Training  Programs  in  the  I'nited 
States — W  Meadow.  D  Mendez.  J 
Lantos.  R  Hipps;  M  Ostrowski.  Pe- 
diatrics 1992:89:1083. 

In  treating  a  patient,  a  doctor  is 
obliged  to  use  the  skill  and  care  that 


is  ordinarily  used  by  reasonably 
well-qualified  doctors  in  similar  cas- 
es. In  addition,  the  only  way  in  which 
a  juror  may  decide  whether  the  de- 
fendant used  the  skill  and  care  that 
the  law  required  of  him  or  her  is 
from  evidence  presented  by  doctors 
called  as  expert  witnesses  (cf  Illinois 
Pattern  Jury  Instructions).  However, 
what  should  be  done  if  expert  opin- 
ions differ  concerning  the  care  that  is 
■"ordinarily  used"?  Home  apnea  mon- 
itoring (HAM)  is  prescribed  at  times 
for  graduates  of  neonatal  intensive 
care  units  despite  the  fact  that  in- 
dications for  its  use  are  not  well  es- 
tablished and  efficacy  is  completely 
unknown.  The  authors  attempted  to 
determine  standards  for  HAM  as  it  is 
currently  practiced  in  neonatology 
training  programs.  Tlie  primar>'  teach- 
ing hospital  for  each  of  the  99  neo- 
natology training  programs  in  the 
United  States  was  identified.  Both 
the  medical  director  (MD)  and  a  neo- 
natal intensive  care  unit  nurse  man- 
ager (RN)  were  asked  about  the  use 
of  HAM  in  their  own  nursery  for 
four  clinical  vignettes.  Each  \ignette 
depicted  a  1.000-g  birthweight  in- 
fant, currently  7  weeks  old  and  ready 
for  discharge.  In  three  vignettes,  the 
infant  had  demonstrated  no  apnea, 
mild  apnea  (resolved  by  2  weeks  of 
age),  or  moderate  apnea  (requiring 
theophylline  therapy  at  discharge) 
during  the  hospital  course.  In  the 
fourth  \'ignette.  the  infant  had  no  ap- 
nea but  was  to  be  discharged  home 
with  supplemental  oxygen.  For  67  of 
99  training  programs,  paired  re- 
sponses of  RN  managers  and  MD  di- 
rectors were  obtained.  For  infants 
with  no  apnea  or  mild  apnea,  ap- 
proximately 859f  of  RN/MD  pairs 
agreed  that  HAM  would  not  be  used 
at  their  institution,  2%  would  use 
HAM,  and  ]2'7c  responded  that  they 
might  use  HAM  depending  on  in- 
dividual circumstances.  In  contrast, 
for  the  premature  infant  w  ith  moder- 
ate apnea,  there  was  much  less  agree- 
ment.   Sixteen    percent    of   RN/MD 
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pairs  responded  that  HAM  would  not 
be  used,  39''(  would  use  HAM,  and 
19';;  might.  Remarkably,  for  this  \ig- 
nette  23'r  of  the  RN/MD  responses 
disagreed  on  the  practice  of  HAM  at 
their  own  center.  Similarly,  for  the  in- 
fant with  home  o.xygen,  13%  of  RN/ 
MD  responses  agreed  that  HAM 
would  not  be  used,  499r  answered  that 
HAM  would  be  used.  ]09c  were  un- 
certain, and  25'7c  disagreed  on  the  use 
of  HAM  at  their  own  center.  It  is  con- 
cluded that  (1)  for  premature  infants 
with  no  or  mild  apnea,  HAM  is  cur- 
rently prescribed  by  a  minority  of  fel- 
lowship-associated neonatology  pro- 
grams, and  (2)  no  obvious  consensus 
exists  for  HAM  in  the  context  of  mod- 
erate apnea  or  home  oxygen  therapy. 
For  many  infants,  there  is  no  "stan- 
dard care"  for  HAM  in  the  neo- 
natology community  at  this  time.  "Ex- 
pert" opinions  of  the  legal  "standard 
of  Ciire"  for  HAM  should  reflect  this 
fact. 

Utility  of  an  End-Tidal  Carbon  Di- 
oxide Detector  during  Stabilization 
and  Transport  of  Critically  III 
Children — MS  Bhende,  AE  Thomp- 
son, RA  Orr.  Pediatrics  1992:89: 
1042. 

Critically  ill  children  often  require 
endotracheal  intubation  prior  to  trans- 
port to  a  medical  center.  Correct  en- 
dotracheal tube  placement  and  main- 
tenance during  transport  are  essential. 
The  utility  of  a  portable  colorimetric 
end-tidal  CO2  detector  during  trans- 
port of  critically  ill  children  was 
evaluated.  Fifty-eight  children  with 
spontaneous  circulation  (aged  1  day 
to  12  years,  weight  0.9-26  kg)  who 
underwent  39  intubations  during 
transport  by  ground  (n  =  31 )  or  air  (n 
=  27)  were  studied.  Tube  position 
was  confirmed  by  physical  examina- 
tion, arterial  blood  gas  values,  or  ar- 
terial oxygen  saturation,  and  some- 
times by  chest  radiograph.  The 
detector  was  attached  and  readings 
were  obtained  after  intubation:  read- 


ings were  repeated  if  endotracheal 
tube  position  was  rechecked  during 
transport.  Fifty-seven  of  38  tracheal 
positions  and  the  I  esophageal  tube 
position  were  correctly  identified. 
One  false-negative  result  occurred  in 
a  severely  hypocarbic  900-g  prema- 
ture newborn.  On  each  occasion  that 
the  detector  was  used  en  route,  the 
endotracheal  tube  position  was  cor- 
rectly identified.  It  is  concluded  that 
the  end-tidal  CO:  detector  is  a  useful 
tool  for  confirming  endotracheal  tube 
position  during  transport  of  critically 
ill  children  weighing  more  than  2  kg 
who  are  not  in  cardiopulmonary  ar- 
rest. 

Hypoxic  Arousal  Responses  in 
Normal  Infants— SLD  Ward.  DB 
Bautista.  TG  Keens.  Pediatrics  1992: 
89:860. 

Failure  to  arouse  in  response  to  hy- 
poxia has  been  described  in  infants  at 
increased  risk  for  sudden  infant 
death  syndrome  (SIDS)  and  has  been 
suggested  as  a  possible  mechanism 
for  SIDS.  However,  most  SIDS  vic- 
tims are  not  in  a  high-risk  group  be- 
fore death.  Thus,  if  a  hypoxic  arousal 
disorder  is  an  important  contributor 
to  SIDS.  normal  infants  might  fail  to 
arouse  from  sleep  in  response  to  hy- 
poxia. To  test  this  hypothesis,  the  au- 
thors studied  hypoxic  arousal  re- 
sponses in  18  healthy  term  infants 
younger  than  7  months  of  age  (age 
12.1  ±  1.7  ISEM]  weeks:  36%  girls). 
Hypoxic  arousal  challenges  were 
performed  during  quiet  sleep  by  rap- 
idly decreasing  inspired  oxygen  ten- 
sion (P102)  to  80  torr  for  3  minutes  or 
until  arousal  (eye  opening,  agitation, 
and  crying)  occurred.  Tests  were  per- 
formed in  duplicate  when  possible. 
Only  8  infants  (44%)  arou.sed  in  re- 
sponse to  one  or  more  hypoxic  chal- 
lenges: arousal  occurred  during  8 
(32%)  of  23  trials.  There  were  no 
significant  differences  in  lowest  Pk): 
or  arterial  oxygen  saturation  during 
hypoxia  between  those  infants  who 


aroused  and  those  who  failed  to 
arouse.  All  18  infants  had  a  fall  in 
their  end-tidal  carbon  dioxide  tension 
during  hypoxia,  suggesting  that  each 
had  a  hypoxic  ventilatory  response 
despite  failure  to  arouse  in  the  major- 
ity. Periodic  breathing  occurred  fol- 
lowing hypoxia  in  only  1  (13%)  of 
the  8  trials  that  resulted  in  arousal 
compared  with  16  (94%)  of  17  trials 
without  arousal  (p  <  0.005).  It  is  con- 
cluded that  the  majority  of  normal 
infants  younger  than  7  months  of  age 
fail  to  arouse  from  quiet  sleep  in  re- 
sponse to  hypoxia,  despite  the  appar- 
ent presence  of  a  hypoxic  ventilatory 
response. 

Controlled  Study  of  Linear 
Growth  in  Asthmatic  Children 
during  Treatment  with  Inhaled 
Glucocorticosteroids — OD  Wolth- 
ers,  S  Pedersen.  Pediatrics  1992:89: 
839. 

Linear  growth  was  investigated  with 
weekly  knemometry  in  a  population 
of  43  schoolchildren  with  mild  asth- 
ma treated  with  inhaled  budesonide. 
The  study  was  a  landomi/ed,  double- 
blind,  parallel  group  study  with  three 
dose  groups  of  200,  400,  and  800  ug 
of  budesonide  per  day.  Each  dose 
group  received  budesonide  for  8  con- 
secutive weeks.  Placebo  was  given 
for  either  4  weeks  before  or  after  bu- 
desonide treatment.  Twelve  children 
in  the  200- ug  group,  14  in  the  400- 
ug  group,  and  1 2  in  the  SOO-ug  group 
completed  the  12-week  study  period. 
There  was  no  significant  difference 
in  mean  growth  velocity  among  the 
three  dose  groups  during  placebo 
treatment.  Compared  with  placebo 
(growth  velocity:  0.39  mm/wk), 
mean  lower  leg  growth  velocity  was 
reduced  with  0.26  mm/wk  (p  <  0.001. 
T  =  3.0,  df  =11:  93%  confidence  in- 
terval 0.14-0.37  nim/wk)  in  children 
treated  with  800  t/g  of  budesonide. 
There  was  no  statistically  significant 
difference  in  growth  velocity  be- 
tween   200-    or   400-i/iz    budesonide 
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treatments  ami  placebi>.  Tliese  data  in- 
dicate that  inhaled  budesonide  can  be 
safely  used  in  doses  up  to  400wg/d  in 
schoolchildren  w  ith  asthma. 

Prospective  Evidence  of  a  Cir- 
cadian  Rhythm  for  Out-of-Hos- 
pital  Cardiac  Arrests — RL  Le\ine. 
PE  Pepe.  RE  Fromm  Jr.  PA  Curka. 
PA  Clark.  JAMA  1992:267:2935. 

OBJECTIVES:  Published  studies  have 
indicated  a  circadian  rhythm  in  the  oc- 
currence of  sudden  cardiac  death. 
However,  these  studies  have  involved 
either  retrospective  analyses  of  death 
certificates  or  analyses  of  data  col- 
lected during  studies  of  phamiacologic 
agents  in  selected  populations.  PUR- 
POSE: To  determine  whether  a  cir- 
cadian pattern  could  be  clearly  dem- 
onstrated in  a  prospective  study  of  out- 
of-hospital  sudden  cardiac  death  in  a 
large,  unselected  population.  DESIGN: 
All  adult  cases  of  sudden  death  of  pre- 
sumed primary  cardiac  cause  from  a 
large  urban  population  were  pros- 
pectively evaluated  over  a  12-mo  pe- 
riod. The  incidence  of  sudden  cardiac 
death  was  analyzed  using  hannonic  re- 
gression of  the  data  tabulated  by  hour 
of  the  day.  RESULTS:  During  the  year 
of  study.  1.019  consecutive  primary 
ciu'diac  arrests  were  analyzed.  A  sig- 
nificant circadian  pattern  was  found 
( p  <  O.OfX)  1 )  w  ith  the  frequency  of  car- 
diac arrests  increasing  dramatically 
from  6  am  until  noon.  CONCLU- 
SIONS. This  prospective  study  of  out- 
of-hospital  cardiac  arrest  confirms  the 
existence  of  a  circadian  rhythm.  These 
data  have  important  implications  for 
tuture  investigation  concerning  the  pa- 
thophysiology of  sudden  cardiac 
deaths. 


Clinical  Markers  of  Asthma  Sever- 
ity and  Risk:  Importance  of  Sub- 
jective As  Well  As  Objective  Fac- 
tors— S  Janson-Bjerklie.  S  Ferke-tich. 
P  Benner.  G  Becker.  Heart  Lung 
1992:21:265. 


The  purpose  of  this  study  was  to  ex- 
plore patient  perceptions  of  asthma 
severity  and  danger  from  asthma, 
correlate  them  with  objective  meas- 
ures, and  assess  the  impact  of  psy- 
chological variables  on  the  percep- 
tion of  severity.  Recognition  of  pa- 
tients at  greatest  risk  for  fatal  attacks 
requires  identifying  those  with  se- 
\ere  asthma.  In  our  study  of  95 
adults  with  asthma,  we  found  that  the 
subjective  factors  of  perceived  sever- 
ity and  perceived  danger  and  the  ob- 
jective factors  of  medications,  hos- 
pitalizations, history  of  intubation, 
and  pulmonary  function  were  im- 
portant markers  of  asthma  severity 
and  risk.  Our  findings  indicate  that 
asthmatic  adults  make  independent 
self-assessments  that  generally  cor- 
relate with  objective  markers  of  in- 
creased risk  of  mortality  and  in- 
creased severity  of  the  asthma.  The 
perception  of  high  severity  was  sig- 
nificantly correlated  with  depression, 
panic-fear,  frequency  of  emergency 
department  visits,  and  with  an  ob- 
jective index  of  risk  of  death.  The 
latter  includes  variables  obtainable 
from  history  alone  (number  of  med- 
ications to  control  symptoms,  need 
for  prednisone,  prior  intubation,  and 
prior  recent  hospitalization)  and  is 
correlated  with  spirometric  indexes 
of  airflow  obstruction,  occurrence  of 
nocturnal  symptoms,  and  number  of 
emergency  department  visits. 

Gastric  Colonization  and  Pneu- 
monia in  Intubated  Critically  III 
Patients  Receiving  Stress  Ulcer 
Prophylaxis:  A  Randomized,  Con- 
trolled Trial— NM  Apte.  DR  Kar- 
nad.  TP  Medhekar.  GH  Tilve.  S  Mo- 
rye.  GG  Bhave.  Crit  Care  Med  1992: 
20:590. 

OBJECTIVE:  To  study  the  effects  of 
pharmacologically  increasing  gastric 
pH  on  gastric  colonization  and  the 
development  of  pneumonia  in  in- 
tubated critically  ill  patients.  DE- 
SIGN: Randomized,  controlled  trial. 


SETTING:  Medical  ICU  in  a  univer- 
sity hospital.  PATIENTS:  34  trach- 
eotomized  patients  with  tetanus.  IN- 
TERVENTIONS: 16  patients  re- 
ceived I.V.  ranitidine  to  increase 
gastric  pH  >  4  (ranitidine  group), 
while  18  patients  received  no  pro- 
phylaxis for  upper  gastrointestinal 
bleeding  (control  group).  MEAS- 
UREMENT &  MAIN  RESULTS: 
Mean  gastric  pH  was  higher  in  the 
ranitidine  group  (median  4.7.  range 
3.6-6.1)  than  in  the  control  group 
(median  2.1.  range  1.2-4.9:  p<0.05). 
Gastric  colonization  occurred  in  15 
(94%)  of  16  patients  who  received 
ranitidine.  2  days  (median;  range  I- 
5)  after  intubation:  gastric  col- 
onization also  occurred  in  all  control 
patients  (median  4  days,  range  1-9: 
p<0.05).  Pneumonia  occurred  in  13 
(81%)  of  16  patients  who  received 
ranitidine.  3  days  (median,  range  I- 
5)  after  intubation  and  in  9  (50%)  of 
18  control  patients  (p<0.01)  5  days 
after  tracheal  intubation  (median, 
range  3-14:  p<0.01).  Prior  gastric 
colonization  by  the  pathogen  that 
caused  pneumonia  was  demonstrable 
in  9  (56%)  of  16  patients  who  re- 
ceived ranitidine  vs  8  (44%^)  of  18 
control  patients  (p>0.05).  The  risk 
for  developing  pneumonia  in  the  ra- 
nitidine-treated  group  was  highest  in 
the  first  4  days  after  tracheal  in- 
tubation. There  was  no  difference  in 
the  frequency  of  upper  gastrointes- 
tinal hemorrhage  in  the  two  groups. 
CONCLUSIONS:  Pharmacologically 
increasing  gastric  pH  increases  the 
risk  for  developing  pneumonia  in  in- 
tubated critically  ill  patients.  The 
pneumonia  occurs  earlier  than  in  un- 
treated control  patients. 

Cerebral  Blood  Flow  Velocity  in 
Normal.  Full-Term  Newborns  Is 
Not  Related  to  Ductal  Closure — 

DG  Batton.  S  Riordan.  T  Riggs. 
AJDC  1992:146:737. 

OBJECTIVE:  To  correlate  changes 
in  blood  flow  \elocitv  in  the  anterior 
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and  middle  cerebral  arteries  with  clo- 
sure ot'  the  ductus  arteriosus  in  nor- 
mal, full-term  newborns  during  the 
first  2  days  following  deli\ery.  DE- 
SIGN: Sur\e> .  SETTING:  Large  com- 
munity hospital.  PARTICIPANTS:  23 
normal,  full-term  neonates,  SELEC- 
TION PROCEDURES:  Volunteer 
sample.  INTERVENTIONS:  None. 
MEASUREMENTS  &  RESULTS: 
We  measured  blood  flow  velocity  in 
the  anterior  and  middle  cerebral  ar- 
teries, cardiac  output,  and  patency  of 
the  ductus  arteriosus  using  pulsed 
Doppler.  M-mode.  and  real-time  ul- 
trasound. The  initial  examination  was 
performed  at  (mean±SD)  7.6  ±  2 
hours,  and  the  second  examination 
was  performed  at  30  ±  3  hours.  The 
systolic,  diastolic,  and  mean  blood 
flow  velocity  in  the  anterior  and  mid- 
dle cerebral  arteries  increased  signif- 
icantly from  Day  1  to  Day  2.  Cardiac 
output  did  not  change  significantly 
(252  ±49  vs  279  ±69  cm-/kg/min). 
Thirteen  newborns  on  Day  1.  but 
only  two  newborns  on  Day  2,  had 
echocardiographic  evidence  of  a  pat- 
ent ductus  arteriosus.  Newborns 
v\hose  ductus  was  already  closed  on 
Day  1  had  similar  increases  in  blood 
flow  velocity  in  the  anterior  and  mid- 
dle cerebral  arteries  from  Day  1  to 
Day  2  compared  with  newborns 
whose  ductus  had  closed  from  Day  1 
to  Day  2.  CONCLUSION:  The  nor- 
mal increase  in  blood  flow  velocity  in 
the  anterior  and  middle  cerebral  ar- 
teries in  the  first  2  days  following  de- 
livery is  not  related  to  changes  in  car- 
diac output  or  ductal  closure. 

Process  of  Foregoing  Life-Sus- 
taining Treatment  in  a  University 
Hospital:  .\n  Empirical  Study — K 

Faber-Langendoen,  DM  Bartels.  Crit 
Care  Med  1992:20:570. 

OBJECTIVES:  The  difficult  decis- 
ion to  forego  (withhold  or  withdraw  ) 
life-sustaining  treatment  has  recei\ed 
extensive  commentary.  Little  atten- 
tion has  been  paid  to  how  physicians 


ABSTRACTS 


do,  and  should,  care  for  dying  pa- 
tients iHice  this  decision  is  made. 
This  study  describes  the  characteris- 
tics of  patients  who  forego  treatment, 
determines  the  range  and  sequential 
process  of  foregoing  treatment,  and 
suggests  ethical  and  public  policy 
implications.  DESIGN:  The  chains  of 
all  patients  who  died  at  the  Uni- 
versity of  Minnesota  Hospital  during 
a  2-nio  period  were  reviewed.  The 
patient  information  that  was  col- 
lected included  age  and  sex.  di- 
agnoses, mental  status,  location  in 
the  hospital,  length  of  hospital  stay, 
method  of  payment,  the  timing  of  the 
first  decision  to  forego  treatment, 
and  the  range  and  sequence  of  inter- 
ventions foregone.  SETTING:  All 
ICUs  and  general  wards  in  a  586-bed 
tertiary  care  university  hospital.  PA- 
TIENTS: All  patients  who  died  at  the 
University  of  Minnesota  Hospital 
during  May  and  June  1989.  MAIN 
RESULTS:  A  total  of  52  (74%)  of 
70  patients  who  died  had  some  inter- 
vention withheld  or  withdrawn  be- 
fore death.  Those  patients  in  whom 
treatment  was  foregone  were  more 
likely  to  ha\e  an  underlying  malig- 
nancy or  impaired  mental  status  and 
longer  hospital  stays.  32  (629c)  of  52 
patients  who  declined  some  treat- 
ment were  in  an  ICU;  26  (50%)  of  52 
patients  required  mechanical  ventila- 
tion. On  average,  5.4  separate  inter- 
ventions were  foregone  per  patient. 
Resuscitation  and/or  endotracheal  in- 
tubation were  generally  the  first  meas- 
ures withheld:  once  a  patient  required 
a  ventilator,  withdrawing  the  ven- 
tilator was  a  late  decision.  Precise 
methods  of  ventilatory  and  vaso- 
pressor withdrawal  varied  consid- 
erably among  patients.  CONCLU- 
SIONS: Foregoing  life-sustaining 
treatment  is  not  a  single  decision,  but 
it  t)ften  occurs  in  a  sequential  manner 
over  several  days.  A  strict  analysis  of 
the  benefits  and  burdens  of  various  in- 
terventions may  be  inadequate  in  de- 
ciding what  interventions  are  appropri- 
ate in  the  care  of  the  dying  patient. 
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Questions... 

How  can  you  get  your  ventilator  repaired? 
Who  makes  pulse  oximeters? 

Ansv/ers... 

In  The  Buyer's  Guide  of  Cardiorespiratory 
Care  Equipment  &  Supplies. 


These  questions  and  more  ore  answered  by  The  Buyer's  Guide.  This  82-page  guide  is  a 
valuable  reference  tool  for  those  involved  in  purchasing  and  maintenance  in  cardiorespiratory 
care.  It  is  divided  into  three  major  sections  that  help  you  identify  and  locate  manufacturers  of 
respiratory  care  equipment  and  supplies: 

Company  Directory 

Need  the  telephone  number  of  v/here  you  purchased  your  humidifier?  This  section  lists 
addresses,  contacts,  phone/fax  numbers,  business  activities,  and  descriptions  of  companies 
that  supply  respiratory  core. 

Equipment  &  Supplies 

Wont  to  know  where  to  buy  aerosol  masks?  This  listing  will  give  you  the  names  of  the 
suppliers  so  that  you  can  look  them  up  in  the  Company  Directory.  Lists  companies  in  more 
than  300  product  categories. 

Trademarks  &  Brand  Names 

You  know  the  name  of  a  device,  but  who  do  you  call?  The  Trademarks  &  Brand  Names 
section  gives  you  the  manufacturers  of  more  than  600  brand  names  and  trademarks  to  help 
you  find  who  to  coll. 


Only  $10  for  a  guide 
that  will  save  you 
hours  hunting  for  the 
information  you  need. 


I  wont  answers.  Send  me 
I  enclose  $10  for  each  copy. 

Charge  to  my 


Buyer's  Guide(s) 


Visa  MasterCard 

Card  expires 

Signature    


Payment  enclosed 

AAk_  ;.•_..__     ._   L_    _ 

Name/Institution   

Address 


Cliy/Staie/Zip . 


Cord# 


Mail  T«: 

Daedalus  Enterprises,  Inc.  •  P.O.  Box  29686  •  Dallas,  TX  75229-9998 
(214)  243-2272  •  Fox  (214)  484-6010 


Need  advanced  ventilators 
but  don^t  have  the  budget? 

Take  the  strain  out  of  dollar  constraints  with  BEAR*  Ventilator  upgrades. 


We're  a  group  of  authorized  independent  medical  dealers 
specializing  in  BEAR  Ventilators.  Our  service  departments 
are  now  ready  with  two  new  factory  upgrades  priced  to  please 
your  administration. 

BEAR  1  to  BEAR  3...  and  BEAR  2  to  BEAR  3  Upgrades 

•  A  genuine  factory  upgrade  for  a  fraction  of 
the  new  unit  price! 

•  Includes  advanced  pressure  support  sytem, 
new  one-year  warranty. 

•  Proven  performance  now  upgraded  to  help 
^=1=              you  manage  still  more  patients. 

BEAR  CUB®  to  BEAR  CUB  2  Upgrade 

•  A  full  factory  upgrade  at  a  surprisingly  low 
price. 

•  Includes  neonatal  volume  monitoring,  SIMV, 
assist/control,  and  a  new  one-year  warranty. 

•  Long  the  standard  for  infants  now  upgraded 
to  a  new  standard! 

Don't  have  a  BEAR  1  or  BEAR  CUB 
Ventilator?  We  can  help  you,  too! 

Often  we  can  obtain  these  popular  ventila- 
tors as  trade-ins  and  assemble  the  upgrades 
into  complete,  low  cost  packages  for  you.  We 
can  even  schedule  your  local  Bear  represen- 
tative to  inservice  your  upgraded  ventilators. 

Act  now! 

This  offer  is  good  throughout  the  U.S.  and 
Canada. . .  but  for  a  limited  time  only. 
Call  1-800-366-2327,  ext.  4880  m  the  U.S. 
or  1-416-949-5444  in  Canada  for  more 
information. 

BEAR*  and  BE.^R  CUB*  are  registered  irademarb  of 
Bear  Medical  Systems,  Inc. 
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METROPOLITAN  MEDICAL  SYSTEMS 
219  Richmond  Avenue 
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EASTERN  ANESTHESIA,  INC. 
3 1  Friends  Lane 
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Newtown,  PA  18940 

MEDICAL  SPECIALTIES,  INC. 
254  St.  George  Avenue                    1 
New  Orleans,  LA  70121 
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American  Association  for  Respiratory  Care 

Consensus  Statement  on  the 
Essentials  of  Mechanical  Ventilators — 1992 


Intntdiiction 

The  Consensus  Ct)nt'erenee  i)n  the  Essentials  of 
Mechanical  Ventilators  was  convened  by  the 
American  Association  for  Respiratory  Care,  the 
American  Respiratory  Care  Foundation,  and  ReS- 
PIRATOR^'  CAR1-;  Journal  to  identity  the  essential 
features  of  devices  that  prt)\  ide  mechanical  ven- 
tilatory support  through  the  application  of  positive 
airway  pressure.  The  specific  tasks  were 

1 .  to  provide  a  standard  niimenclature, 

2.  to  identify  the  essential  support  features. 

3.  to  identify  essential  heat  and  luuiiidity  require- 
ments. 

4.  to  identify  essential  monitoring/alarm  features, 

5.  to  identify  what  constitutes  an  order  for  mechan- 
ical ventilation. 

It  is  important  to  note  that  the  purpose  of  this 
conterence  was  only  to  describe  the  essential  fea- 
tures of  these  devices.  The  conference  did  not  at- 
tempt to  address  the  advantages  or  disadvantages 
of  various  strategies  that  use  these  features  to  apply 
positi\e  pressure  \entilatory  support  (eg.  pressure 
vs  \()lumc  breaths  for  total  support,  permissive  hy- 
percapnia  vs  inverse  ratio  sentilation  to  reduce  air- 
way pressures,  IMV  vs  P.SV  for  weaning).  The  pur- 
pose of  this  resulting  document  is  to  provide 
clinicians  with  the  inlorniation  necessary  to  make 
informed  decisions  regarding  the  innchase  and  op- 
eration ot  mechanical  \cnlilalors  and  to  assist  man- 
ufacturers in  the  development  of  devices  that  best 
serve  the  patient  and  clinician.  This  document  is 
not  intended  to  represent  a  standard  of  care  or  a 
manufacturing  standard. 

Certain  terms  describe  the  role  of  specific  de- 
vices, components,  or  characteristics: 

essential — considered  to  be  necessary  for  sate  and 
effective  operation  in  the  ma|oril\  ol  palicnls  in  the 
specified  setting 


recommended — considered  {o  be  necessary  for  op- 
timal management  of  \irtually  all  patients  in  the 
specified  setting 

optional — considered  to  be  possibly  useful  in  limit- 
ed situations  but  not  necessary  for  a  majority  of  pa- 
tients in  the  specified  setting 

Classification  and  Terminology 

The  description  of  the  features  of  a  mechanical 
ventilator  requires  a  standard  nomenclature.  These 
featLues  can  be  classified  using  a  scheme  that  fo- 
cu.ses  on  key  attributes  or  characteristics  in  a  kig- 
ical,  consistent  fashion.  It  is  recommended  that  the 
following  classification  system  be  applied  to  me- 
chanical ventilators  and  that  the  ventilator- 
performance-testing  protocols  specified  in  the 
American  .Society  for  Testing  and  .Materials  A.STM 
Document  PF  1  10(J-90  (Standard  Specification  for 
Ventilators  Intended  for  Use  in  Critical  Care)  be 
utilized.' 

Input  Power 

ln|"iLU  |"io\\  er  is  either  pneumatic  or  electric. 
Power  Conversion  and  Transmission 

Power  conversion  and  transmission  are  accom- 
plished by  the  ventilator's  drive  mechanism  or 
mechanisms,  which  may  incorporate  either  an  ex- 
ternal or  internal  compressor  and  the  de\ice"s  out- 
jnit  control  systems. 

Control  Scheme 

The  \entilator"s  control  circiiil  is  the  subs\stem 
responsible  for  controlling  the  drive  mechanism 
(compressor  and/or  output  conlrol  \al\es).  This 
subsystem  controls  the  phase  varicihlcs  in  accord- 
ance \\  ith  cniulirioiuil  vciriahles. 


lOOO 
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VENTILATOR  CONSENSUS  STATEMENT— 1^92 


A  phase  variable  is  a  physical  quality  (pressure, 
volume,  flow,  or  time)  that  is  adjusted,  measured, 
and/or  used  to  iiianipiilaie  some  phase  of  the  \en- 
tilatory  eycle.  These  variables  are  controlled  either 
by  the  ventilator  or  by  the  patient  (ie.  the  patient's 
ventilatory  drive  and  musculature  functioning 
alone  or  in  concert  with  interactive  ventilator  ca- 
pabilities). When  controlled  by  the  ventilator,  the 
phase  \ariable  remains  constant  despite  changes  in 
patient  activity  or  changes  in  resistance  and  com- 
pliance. A  ventilator-controlled  variable  is  thus  a 
variable  that  is  considered  to  be  the  independent 
variable  in  the  equation  of  motion  for  that  pha.se  of 
the  breath: 


pifs  sure 


volume 


complki  me 


+  {flow  )( lexis  ranee) . 


where  pressure,  volume,  and  flow  are  \ariablcs  (tuiic- 
tions  of  time),  and  compliance  and  resistance  are  con- 
stants. If  pressure,  volume,  and  flow  all  change  as  re- 
sistance and  compliance  change,  then  the  ventilator- 
controlled  variable  is  time. 

The  following  terms  apply  to  the  inspiratory 
phase: 

The  trigger  variable  begins  the  phase. 

The  limit  variable  is  a  target  value  for  pres- 
sure, volume,  or  How  that  cannot  be  ex- 
ceeded. 

The  cycle  variable  ends  the  phase. 

Depending  upon  whether  the  ventilator  or  the 
patient  controls  triggering  and  cycling  and  upon  the 
distribution  of  ventilatory  work  of  the  breath,  four 
clinically  different  breath  types  (Table  1)  can  be 
classified  under  two  broad  engineering  heading.s — 
machine-cycled  and  patient-cycled  breaths. 


Table  1.    Breath  Types  Defmed  by  Specific  Combinations  of 
Machine  and  Patient  Control  over  Phase  Variables 

Phase  Variable 


Breath  Type 

Trigger 

Limit 

Cycle 

Mandatory 

Machine 

Machine 

Machine 

Assisted 

Patient 

Machine 

Machine 

Supported 

Patient 

Machine 

Patient 

Spontaneous 

Patient 

Patient 

Patient 

Machine-Cycled  Breaths — Maiukitory  breath:  a 
breath  that  is  triggered,  limited,  and  cycled  by  the 
ventilator  (machine  performs  all  ventilatory  work). 

Machine-Cycled  Breaths — Assisted  breath:  a 
breath  that  is  triggered  by  the  patient  and  limited 
and  cycled  by  the  ventilator  (patient  performs  only 
triggering  work  while  the  ventilator  performs  the 
remainder). 

Patient-Cycled  Breath.s — Siippurtcd  hrcaih:  a 
breath  that  is  triggered  by  the  patient,  limited  by 
the  ventilator,  and  cycled  by  the  patient  (patient 
performs  the  triggering  work  and  then  interacts 
with  the  ventilator  to  perform  a  variable  amount  of 
the  remaining  work). 

Patient-Cycled  Breaths — Spontaneous  breath:  a 
breath  that  is  triggered,  limited,*  and  cycled  by  the 
patient  (patient  performs  all  of  the  ventilatory 
work). 

The  conditional  variable  is  the  variable  (or  com- 
bination of  variables)  that  the  ventilator's  control 
logic  examines  before  delivering  a  breath.  The  stat- 
us of  the  conditional  variable  determines  which  of 
two  or  more  breath  patterns  is  selected. 

The  relationship  between  the  various  possible 
breath  types  and  the  conditional  variables  is  the 
mode  of  ventilation.  Table  2  applies  the  described 
classification  system  to  commonly  used  modes  of 
ventilatory  support. 


Support  Features  of  a  Mechanical  Ventilator 

A  mechanical  ventilator  is  a  life  support  system 
designed  to  replace  or  support  normal  lung  func- 
tion. A  variety  of  features  exist  that  are  designed  to 
permit  proper  management  of  the  patient  in  res- 
piratory failure.  Consensus  recommendations  for 
these  features  were  determined  and  grouped  ac- 
cording to  the  clinical  setting  (Table  3). 


'  Wlien  a  demand-valve  system  is  used,  limiting  of  a  spontane- 
ous breath  is.  strictly  speaking,  controlled  by  the  ventilator  be- 
cause flow  is  provided  to  maintain  inspiratory  pressure  equal  to 
expiratory  pressure  in  an  attempt  to  mimic  "nomial'  unassisted 
or  unsupported  breathing. 


RESPIRATORY  CARE  •  SEPTEMBER  "92  Vol  37  No  9 


1001 


d  > 


Q. 
H 


oa 


■5^ 


°-  •£ 


■if 


=  1 


g 


c 

> 


s 

o 
U 


a. 


^1 


a: 


u. 


-w- 

"  f 

c 

2> 

>  > 

£ 

H 

IS 

«  5 

~  ^ 

c   *- 

u    c 

>    « 

> 

1 

£•  c 

o    o 

S    B- 

I  -3 


E  a 


>  § 


a 
H 


a 

a 
■§  i 


Z     I 


o 
> 


> 


H 


H 


Si 

a. 


O 
> 


H    E 


^    ^    u 


II 

■a 

3 

4> 

F 

1 

rr 

o 

< 

II 
> 

en 

a. 

£■ 

H 

c 

< 

s 

*£. 

> 

j2 

H 

> 

s 

u. 


?      J      s 

^        ^        _o 
uu       u.       u. 


H 


a.       2.       i. 


E 


h- 


[- 


f- 


1^ 

U  > 


b        >        I 
O         ^         £ 

<     s     !;; 


> 

< 


1/5 
Q. 


> 

a. 
< 


<  < 


> 

(X 


5 

u. 


g 


> 


1 

a. 

o 

ji 

u 

II 

&0 

c 

.E 

£ 

-£ 

u 

> 

? 

o 

j= 

_3 

5 

% 

'5 

H 

>% 

> 

a. 

1 

^ 
o 

■3 

C 

>* 

1 

> 

c 

U 

5 

.r. 

E 

H 

^ 

.5 

■£ 

P- 

o 

> 

>> 

S 

^ 

i 

— 

jj 

5 

*" 

u» 

;■— 

> 

Ij 

CL 

kx 

c 

^c 

o 

5 

"c. 

c 

c 

II 

y: 

3 

c 

E 
u 

c: 

i 

> 

a. 

5 

3 
> 

C. 

•T3 

a. 

o 

> 

3 
-3 

1 

c 

_>^ 

^ 

< 

V 

3 

y 

c 

r-      r-     =• 


3 

:7 

. 

c 

n 

c 

r3 

Si 
o. 
II 

a. 

C 
a. 

a 

^ 

^ 

S 

U 

^ 

>^ 

# 

<r 

s 

— 

a. 

o 

< 

u. 

4-     ++   u>:    % 
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Tabic  3.      Essential,*  Recommended,  and  Optional  l-caturcs  of  a  Positive  Pressmc  Vcnlilalor  tor  McLhanical  Vcntilaton  Support  via 
the  Controlled  Aii^vay 

Principal  Ventilator  Application 


Critical  Care 


Transport 


Home  Care 


Clinician-Set  Features 

Positive  pressure  tidal  breaths 
Mandators'  rate 

Flow  or  1:E  or  inspirale)iv  time 
Expiratory  pressure  (PEEP) 
Fdo.-  to  1 .0 

Patient-Interactive  Features 

Patient  spontaneous  breath 
(egCPAP.  IMV) 

Breath-triggering  niechanisni 
(tlovv  or  pressure  sensors  to  initiate 
a  ventilator  breath! 

Flow -liming  interaction 
leg.  pressure  support) 

Feedback  Control 

{en.  mandatorv  minute  ventilation) 


Essential 
Essential 
Essential 
Essential 
Essential 


Essential 

Essential 
Recommended 

Optional 


Essential 
Essential 
Recommended 
Essential 
Essential 


Recommended 

Recommended 
Optional 

Optional 


Essential 

Essential 

Recommended$ 

Optional 
Optional 


Optional 

Recommended? 

Optional 

Optional 


*  Essential  =  considered  to  be  necessary'  for  safe  and  effective  operation  in  the  majority  of  patients  in  the  specified  setting;  recommended  =  considered  to 
be  necessary  for  optimal  management  of  virtually  all  patients  in  the  specified  setting:  Optional  =  considered  to  be  possibly  useful  in  limited  situations 
but  not  necessary  for  a  majority  of  patients  in  the  specified  setting. 

■*■  Fdo:  =  oxygen  concentration  deli\ered  by  device;  FdO:  =  Fio:  «hen  patient  demand  (inspiratory  flowrate)  is  met. 

+  Essential  feature  if  patient  has  intact  ventilatory  drive  and  respiratory  muscles  or  possibility  of  partial  or  complete  ventilator  independence  is 
anticipated. 


Triggering 

Gas  flow  from  a  mechanical  ventilator  can  be 
triggered  by  patient  eftort.  This  effort  is  generally 
sensed  either  as  a  pressure  drop  (pressure-trig- 
gering) or  as  a  gas  flow  into  the  patient  (flow- 
triggering).  Imposed  work  from  triggering  is  due 
both  to  lack  of  sensitivity  and  responsiveness  of  the 
demand  valves  and  to  the  post-triggering  flow- 
delivery  algorithm.  The  latter  appears  to  be  the 
more  important.  Flow -triggering  measurably  re- 
duces both  of  these  imposed  loads  as  compared  to 
pressure-triggering.  However,  the  addition  of  a 
small  level  of  pressure  support  (5  cm  H^O)  has 
been  reported  to  cornpensate  for  the  work  imposed 
during  pressure-triggering  and  to  make  imposed 
loads  comparable  during  both  triggering  strategies. 
Trigger-sensing   sites   (eg,   patient   Y,   inspiratory 


limb,  or  expiratory  limb)  are  ct)niparablc  through- 
out the  ventilator  circuitry. 

Heating  and  Huniidification  of  In.spired  Gases 

When  the  upper  airway  is  bypassed  by  trachea! 
intubation,  inspired  gases  must  be  artificially  con- 
ditioned to  preserve  airway  integrity.  Consensus 
was  reached  that  both  passive  and  active  condi- 
tioning are  acceptable,  depending  upon  the  pa- 
tient's condition,  duration  of  intubation,  and  the 
performance  characteristics  of  the  specific  condi- 
tioning device. 

A  reasonable  goal  for  humidification  systems  is 
an  absolute  humidity  of  25-.^5  mg  H^O/L  of  ven- 
tilation. Heated  humidifiers  meeting  the  ASTM 
recommendations  for  a  minimal  output  of  30  mg 
H2O/L  provide  this,  in  addition,  many  heat-and- 
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Table  4.     Measurements  of  Lung  Mechanics  and  Airway  Pressures  Useful  for  Monitorini; 


Variable 


Description 


Measuring  Technique 


Effective  compliance 

(C,,f) 


The  reciprocal  of  the  elastic 
property  of  the  patient- 
ventilator  system  (mL/cm 
H:0) 


Mandatory  (ie,  passive  inspiration  and  expiration) 
breath  (Vj):  end-inspiratory  pause  of  at  least  I  s 
w  ith  pressure  stable  within  0.5  cm  H:0  over  2 
readings  at  least  10  ms  apart  (Ppb,„u):  corrected 
for  tubing  compression.  Calculation: 


Inspiratory  resistance 


Inspiratory  resistive 
component  of  patient- 
ventilator  system  impedance 
(cmH:0  ■  s  •  L') 


Col,  =  Vj/CPpiaicau  -  total  PEEP). 

Mandatory  (ie.  passive  inspiration  and 
expiration)  breath  (Vj)  with  fixed  flow  over  fixed 
time  (ti);  end-inspiratory  pause  as  described  for 
Ccff.  Calculation; 


Ri  = 


r pcaX  ' 


'  plaieau 


Vr/t, 


Expiratory  resistance 


Expiratory  resistive 
component  of  patient 
ventilator  system  (cm 
H:0  •  s  ■  L  ') 


Mandatory  (ie.  passive  inspiration  and  expiration) 
breath  (Vr);  end-inspiratory  pause  as  described  for 
Cell.  Calculation: 


'  plalcau ' 


PEEP 


total 


tlow  at  onset  of  exhalation 


Mean  airway  pressure 


Average  airway  pressure  over 
a  respiratory  cycle 


Mean  airway  pressure  should  be  reported  over  a 
time  period  that  includes  a  reprcsentatise  number 
of  machine-  and  patient-cycled  breaths. 


Maximal  inspiratory 
pressure  (MIP) 


Maximal  inspiratory  pressure 
generated  by  patient,  against 
closed  circuit 


One-way  \al\e  allowing  expiration:  expiratory  hold 
of  15-20 s 


Inliinsic  PEEP(auto- 
PEEP) 


Positive  end-expiratory 
alveolar  pressure  due  to 
inadequate  expiratory  time, 
dynamic  airway  collapse,  or 
both 


Auto-PEEP  measurement  Is  clinicallv  imporlanl  hut 
may  be  difficult  during  spontaneous  or  assisted 
breathing.  It  is  reconuiiended  thai  the  ventilator  be 
equipped  with  an  expiratory  hold  control  to 
facilitate  manual  determination  of  auto-PEEP  by 
airway  occlusion  as  close  to  the  proximal  airway 
as  possible:  circuit  pressures  should  stabilize 
within  0.5  cm  H:0  between  2  consecutive  readings 
ai  Icasi  10  ms  apart.  Measurement  reflects  total 
PLHP  but  tends  to  underestimate  the  intrinsic 
component  because  ol  pressure  equilibration  in 
compliant  circuitry 


moisture  exchangers  (HME)  or  hygroscopic  co- 
denser  humidirieis  (HCH)  meet  ihis  goal  and  can 
be  used  to  supply  heal  and  liumidity  to  mechan- 
ically ventilated  patients.  Patient  response  to  heat 
and  huniidit'ication  therapy  shtuild  he  assessed  reg- 


ularly, with  pailicular  attention  to  sputum  consis- 
tency. It  patients  develop  increased  work  of  breath- 
ing or  markeil  increase  in  secretion  v  isctisity.  con- 
sideration should  be  given  to  the  utilization  of  a 
system  prov  iding  higher  humidity. 
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Monitoring  and  Alarms 
Monitoring 

A  wide  variety  of  electronic,  pneumatic,  and 
ventilator  circuit  functions  can  be  monitored  by  the 
ventilator.  However,  the  variables  necessary  for 
clinical  decision  making  are  pressure,  tliiw.  and 
volume,  monitored  in  the  ventilator  circuitry. 

Prcssiin'  monitoring  should  conform  to  ASTM' 
and  International  Organization  for  Standardization 
(ISO)  standards-  for  accuracy,  pressure  ranges,  and 
labeling. 

Volume  or  flow  moniic^ring  should  be  done  ei- 
ther at  the  patient  Y  or  in  the  inspiratory  or  ex- 
piratory limb  of  the  circuit.  The  accuracy  and  re- 
sistance of  these  devices  should  comply  with 
ASTM' and  ISO- standards. 

The  classic  measurements  of  respiratory  me- 
chanics are  made  using  sophisticated  equipment 
under  controlled  conditions.  These  same  measure- 
ments can  be  appro.ximated  in  the  intensive  care 
una  using  existing  ventilator  technology  but  must 
be  accomplished  under  specific  circumstances.  The 
measurements  of  respiratory  function  that  may  be 
useful  in  the  mechanically  ventilated  patient,  when 
accomplished  by  the  ventilator  in  the  manner  de- 
scribed, are  outlined  in  Table  4.  Essential  and  rec- 
ommended \ariables  to  be  monitored  are  grouped 
according  to  clinical  setting  (Table  5). 

Alarms 

Alarms  should  wam  of  events.  These  events 
may  be  malfunctions  of  the  ventilatory  support  sys- 
tem (especially  the  circuit)  or  they  may  be  physio- 
logic or  pathologic  changes  in  the  patient  that  af- 
fect the  patient-ventilator  interface.  These  events 
can  be  of  varying  importance  and  can  be  classified 
as  such  (Table  6):  Level  1 — immediately  life- 
threatening  if  left  unattended  for  even  short  periods 
of  time;  Level  2 — potentially  life-threatening  if  left 
unattended  for  longer  periods  of  time;  and  Level 
3 — nonventilator  events  that  are  not  likely  to  be 
life-threatening  but  a  possible  source  of  patient 
harm  if  not  addressed.  The  alarm  system  should 
conform  to  ASTM'  and  ISO"  standards  and  should 
provide  a  warning  signal(s)  if  the  function  of  the 


ventilator  deviates  from  the  control  settings  by 
more  than  preset  levels.  Events  can  be  detected  by 
various  monitors  at  a  number  of  sites  (Table  7).  It 
should  not  be  possible  to  silence  alarms  for  more 
than  2  minutes.  Depending  upon  the  clinical  situa- 
tion, the  need  for  alarms  varies,  as  shown  in  Table 
8. 

Digital  Electronic  Communication 

The  puipose  of  a  mechanical  ventilator  is  to  sup- 
port ventilation  by  supplying  gas  and  pressure. 
There  is  no  essential  role  for  digital  communica- 
tions in  the  primary  function  of  the  mechanical 
ventilator;  however,  automatic  capture  of  ventilator 
data  should  make  respiratory  care  charting  both 
more  accurate  and  more  timely,  in  the  future.  In  or- 
der to  provide  effecti\e  digital  electronic  com- 
munication, an  optimal  algorithm  for  automated 
respiratory  care  charting  should  be  developed. 

Ventilator  Management  and  Orders  for 
Mechanical  Ventilation 

Authority  to  order  mechanical  ventilation  \aries 
in  different  practice  settings.  However,  actual  man- 
agement of  ventilatory  support  in  all  settings  re- 
quires a  certain  level  of  expertise  and  typically  in- 
volves participation  by  more  than  one  individual. 
Ventilatory  support  should  be  managed  by  persons 
with  appropriate  training  and  demonstrated  skills  in 
both  its  medical  and  its  technical  aspects.  The  coin- 
petence  of  such  individuals  should  include  but  not 
necessarily  be  limited  to 

1 .  initiation  of  ventilatory  support. 

2.  weaning  and  extubation. 

3.  patient  monitoring  related  to  ventilatory  sup- 
port. 

4.  selection  and  adjustment  of  ventilatory  mode, 
inspired  oxygen  concentration,  inspiratory  pres- 
sure, end-expiratory  pressure,  tidal  volume,  and 
breath  rate. 

Ventilator  orders  by  physicians  may  take  the 
form  of  actual  machine  settings,  specified  out- 
comes (eg.  target  ranges  for  pH.  Po;.  or  total  breath 
rate),  or  the  initiation  of  management  protocols. 
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Table  5.    Essential.*  Recommended,  and  Optional  Variables  To  Be  Monitored  on  Mechanical  Ventilators^ 


Principal  Ventilator  Application 


Variable 


Critical  Care 


Transport 


Home  Care 


Pressure 

"peak 


*  plaleau 

PEEP  (set) 

Inlniisic  PEEP  (auto-PEEP) 

Volume 

V-]  expired  machine 

Vg  machine 

Vj  expired  spontaneous 

Vg  spontaneous 

V-j-  inspired  spontaneous 

Timinj; 

Flow  mechanical 
Flow  spontaneous 
I-E  ratio 
Rate  mechanical 
Rate  spontaneous 

Gas  Concentration 

Lung  Mechanics 

Effective  ct)mpliance 
Inspiratory  airways  resistance 
Expiratory  airways  resistance 
Maximal  inspiratory  pressure 

Circuit  Characteristics 

1  ubing  compliance 


Essential 
Essential 
Essential 
Essential 
Recommended 


Essential 
Essential 
Essential 
Essential 
Recommended 

Recommended 
Optional 
Essential 
Essential 
Essential 

Essential 

Optional 
Optional 
Optional 
Optional 

Recommended 


Essential 
Optional 
Optional 
Essential 
Optional 

Recommended 
Optional 

Recommended 
Optional 
Optional 

Optional 

Optional 

Recommended 

Recommended 

Recommended 


Optional+ 

Optional 
Optional 

Optional 
Optional 

Optional 


Essential 
Optional 
Optional 
Optional^ 
Optional 

Optional 
Optional 
Optional 
Optional 
Optional 

Optional 

Optional 
Optional 
Optional 
Optional 

Optionali 

Optional 
Optional 

Optional 
Optional 

Oplioiial 


*  Essential  =  considered  Ki  he  necessary  for  safe  and  cffecli\  e  upcralioii  in  the  majdrily  of  palienis  in  the  specified  seltini;;  Roconinicnded  =  considered  to 
be  necessary  for  optimal  manajienicnl  of  virtually  all  patients  in  the  specified  selling;  Optional  =  considered  to  he  possibl\  useful  in  liniilcd  siiualions 
bul  not  necessary  for  a  majority  of  palienis  in  the  specified  selling. 

t  Monitors  need  nol  be  inlergral  part  of  ventilator. 

t  Essential  if  feature  is  used  on  a  specific  patient. 

§Fdo:  =  oxygen  concentration  delivered  by  device;  Fix);  =  Fio;  when  palienl  demand  I  inspirators  fiowralel  is  met. 


Orders  for  ventilatory  support  may  authorize  ap- 
propriate itidividuals  (eg,  qualified  respiratory  care 
practitioners)  to  independently  adjust  the  degree 
and   form   of  such   support,   in   accordance   with 


guidelines  established   for  the  clinical   setting   in 
which  the  order  is  given. 

Protocols  for  ventilator  managenicnl  should  be 
tailored  to  specified  clinical  situations  such  as  post- 
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Table  6.    Priorities  for  Mechanical  Ventilator  Alarms 


Prioritv 


L.il'c-Threatenins; 


Immediate  Response  Rcc|uiivd 


R(.-tlinidaiu 


Alarm  Type 


Lc\el  1 
Level  2 
Level  3 


Yes.  immediately 

Yes,  polentially 

No 


Yes 

Yes 

No 


Yes 

Loud  audible  &  visual 

No 

Soli  audible  &  visual 

No 

Visual 

operative  ventilation,  application  of  PEEP,  or 
weaning.  They  should  be  formulated  by  qualified 
personnel  and  be  appropriate  for  the  specific  prac- 
tice setting.  Initiation  of  established  protocols  is  the 
preferred  form  for  \entilator  orders  in  the  majority 
of  patients  requiring  mechanical  ventilation. 


A  record  of  ventilatory  orders,  including  the  spe- 
cifics of  protocols  authorized  by  such  orders, 
should  be  continuously  available  at  the  bedside.  All 
ventilator  orders  should  be  part  of  the  permanent 
hospital  record  and  should  be  documented  ap- 
propriately. 


Table  7.     Events  and  Monitonny  -Sites  for  Ventilator  Alarms 


Event 


Possible  Monitoring  Site 


Level  1 

Power  failure  (including  when  battery  in  use) 

Absence  of  gas  delivery  (apnea) 

Loss  of  gas  source 

Excessive  gas  delivery 

Exhalation  valve  failure 

Timing  failure 

Level  2 

Battery  power  loss  (not  in  use) 

Circuit  leak* 

Blender  failure 

Circuit  partially  occluded 

Heater/humidifier  failure 

Loss  of/or  excessive  PEEP 

Autocycling 

Other  electrical  or  preventive 
subsystem  out  of  limits 
w  ithout  immediate  overt  gas 
delivery  effects 

Level  3 

Change  in  central  nervous  system  drive 

Change  in  impedances 

Intrinsic  PEEP  (auto)  >  5  cm  H:0 


Electrical  control  system* 

Circuit  pressures.*  circuit  flows,  timing  monitor,  CO:  analysis 

Pneumatic  control  system* 

Circuit  pressures,*  circuit  Hows,  timing  monitor 

Circuit  pressures,  circuit  flows,  timing  monitor 

Circuit  pressures,  circuit  flows,  timing  monitor 

Electrical  control  system* 

Circuit  pressures,*  circuit  flows 

F102  sensor 

Circuit  pressures,  circuit  flows 

Temperature  probe  in  circuit 

Circuit  pressures 

Circuit  pressures,  circuit  flows 


Electrical  and  pneumatic  systems  monitor 

Circuit  pressures,  circuit  flows,  timing  monitor 
Circuit  pressures,  circuit  flows,  timing  monitor 
Circuit  pressures,  circuit  tlows 


*AIarms curremlv  delmed  in  the  ISO'  and  ASTM"  standards. 
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Tabic  S.    Essential.*  Recommended,  and  Optional  Alarms  tor 
Mechanical  Venlilalorst 

Principal  Ventilator  Application 


Levelt 


Critical  Care        Transport 


Home  or  .Skilled 
Nursing  Facility 


Level  1  Essential  Essential 

Level  2  Essential  Essential 

Level  .^  Recomniended       Optional 


Essentials 

Recomniended 

Optional 


*  Essential  =  considered  to  be  necessary  for  safe  and  effective  opera- 
tion in  the  majority  of  patients  in  the  specified  setting:  recommended 
=  considered  to  be  necessary  for  optimal  management  of  virtualK  all 
patients  in  the  specified  setting;  optional  =  considered  to  be  possibly 
useful  in  limited  situations  but  not  necessary  for  a  majority  of  pa- 
tients in  the  specified  setting. 

t  Alanns  need  not  be  integral  components  of  the  ventilator. 

i  Levels  are  defined  in  Table  6. 

§  Redundancy  is  required  only  if  ventilator  is  providing  total  support. 
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Error  of  opinion  may  be  tolerated  where 
reason  is  left  free  to  combat  it. 

Thomas  Jefferstm  [  1743-11^26) 

Introduction 

A  good  ventilator  classification  scheme  desciibes 
how  a  given  ventilator  works  in  general  terms,  but 
with  enough  detail  to  allow  one  to  distinguish  one 
particular  ventilator  from  others.  Classification  fa- 
cilitates description  by  focusing  on  key  attributes  or 
characteristics  in  a  losicai  and  consistent  manner.  A 
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nal Respiratory  Care,  held  February  27-29.  1992.  in  Cancun. 
Mexico. 

The  author  has  no  financial  interest  in  any  of  the  products  men- 
tioned. 

Reprints:  Robert  L  Chatburn  RRT.  Respiratory  Care  Depart- 
ment. Rainbow  Babies  &  Childrens  Hospital.  2074  Abington 
Road.  Cleveland  OH  44106. 


clear  description  allows  us  to  quickly  assess  new 
facts  in  relation  to  previous  knowledge.  Learning  the 
operation  of  a  new  device  or  describing  it  to  others 
then  becomes  much  easier.  Understanding  how  the 
ventilator  operates,  we  can  then  anticipate  appropri- 
ate ventilator  management  strategies  for  particular 
clinical  situations. 

Ventilator  classification  has  been  attempted  many 
times.  I  have  noted  elsewhere'  the  problems  en- 
countered in  the  past.  Typical  examples  of  these 
problems  can  be  seen  in  the  recent  ASTM  document 
entitled  Standard  Specification  for  Ventilators  In- 
tended for  Use  in  Critical  Carer  An  appendix  in 
that  standard  is  devoted  to  ventilator  classification. 
Four  major  categories  of  problems  with  past  clas- 
sification systems  can  be  identified. 

•  They  are  outdated.  Most  ;ue  variations  on  tiie 
classic  work  of  Mushin  et  al  first  published  in 
1959.^  The  most  recent  version  of  this  text  is 
more  than  12  years  old.  Mushin's  classification 
system  is  based  on  archetypical  mechanical 
mechanisms  that  are  largely  irrelevant  today.  It 
also  emphasizes  differences  in  the  "generated" 
or  driving  pressure  that  ventilators  can  develop. 
This  too  is  outdated  because  most  third- 
generation  ventilators  are  driven  by  the  standard 
50-psi  gas  source  piped  into  intensiv  e  care  units. 
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•  They  are  contradictory.  For  example,  the 
word  cycle  has  been  used  to  mean  two  differ- 
ent things  (ie,  to  designate  both  the  beginning 
and  the  end  of  inspiration). 

•  They  are  vague.  For  example,  the  words  man- 
datory and  spontaneous  are  used  but  never  de- 
fined. 

•  They  lack  appropriate  detail.  For  example, 
most  systems  do  not  distinguish  between  situa- 
tions in  which  inspiration  ends  because  a  pre- 
set volume  has  been  delivered  and  the  situation 
in  which  inspiration  ends  only  when  a  preset 
time  has  elapsed  even  though  the  preset  vol- 
ume has  been  delivered  (ie.  an  inspiratory 
pause  maneuver). 

To  avoid  these  problems,  a  classification  scheme 
should  have  the  following  characteristics: 

•  Be  based  on  a  theoretical  framework.  The  sys- 
tem should  identify  a  small  set  of  basic,  related 
physical  principles  (eg.  a  mathematical  model) 
that  can  be  applied  to  all  ventilator  types  and 
that  adequately  describes  the  interaction  be- 
tween the  ventilator  and  the  patient.  This 
avoids  a  collection  of  loosely  related  facts  that 
must  be  memorized. 

•  Be  consistent.  It  should  avoid  double  meanings 
by  introducing  new  terminology  as  necessary. 
The  new  terminology  should  be  consistent 
with  terminology  in  other  disciplines  (eg, 
mathematics  and  engineering).  Old  termi- 
nology should  be  retained  where  possible  to 
avoid  undue  confusion. 

•  Be  specific.  All  temis  used  to  categorize  ven- 
tilator operation  should  be  explicitly  defined. 
Criteria  that  are  necessary  and  sufficient  to 
distinguish  between  ventilator  characteristics 
should  be  clearly  stated. 

•  Provide  appropriate  detail,  identifying  clin- 
ically relevant  situations  while  avoiding  un- 
necessary complexity. 

I  believe  the  proposed  system  incorporates  those 
characteristics. 


Basic  Concepts 

A  ventilator  is  simply  a  machine — a  system  of 
related  elements  designed  to  alter,  transmit,  and  di- 
rect applied  energy  in  a  predetermined  manner  to 
perform  useful  work.^  We  put  energy  into  the  ven- 
tilator in  the  form  of  electricity  (energy  =  volts  x 
amperes  x  time)  or  compressed  gas  (energy  =  pres- 
sure X  volume).  That  energy  is  transmitted  or  trans- 
formed (by  the  ventilator's  drive  mechanism)  in  a 
predetermined  manner  (by  the  control  circuit)  to 
augment  or  replace  the  patient's  muscles  in  per- 
forming the  work  of  breathing  (the  desired  output). 
This  concept  of  mechanical  ventilators  suggests  a 
basic  framework  for  classification:  power  input, 
power  transmission  or  conversion,  control  scheme, 
and  output  (pressure,  volume,  and  flow  wave- 
forms). 

An  outline  format  provides  the  flexibility  to  add 
as  much  detail  about  a  given  \entilator  as  desired.' 

I.  Power  Input 

A.  Pneumatic 

B.  Electric 

1 .  Alternating  current  (AC) 

2.  Direct  current  (DC;  battery) 

II.  Power  Transmission  or  Con\ersion  (drive  mecha- 

nism) 

A.  External  Compressor 

B.  Internal  Compressor 
1.  Motor  and  linkage 

a.  Compressed  gas — direct 

b.  Electric  motor — rotating  crank  and  piston 
rod 

c.  Electric  motor — rack  and  pinion 

d.  Electric  motor — direct 

C.  Output  Control  Valves 

1 .  Pneumatic  diaphragm 

2.  Pneumatic  poppit  valve 

3.  Electromagnetic  poppit  valve 

4.  Electromagnetic  proportional  valve 

III.  Control  Scheme 
A.  Control  Circuit 

1.  Mechanical 

2.  Pneumatic 

3.  Fluidic 

4.  Electric 
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5.  Electronic 

B.  Control  Variables  and  Waveforms 

1 .  Pressure 

2.  Volume 

3.  Flow 

4.  Time 

C.  Phase  Variables 

1 .  Trigger  Viuiable 

2.  Limit  Variable 

3.  Cycle  Variable 

4.  Baseline  Variable 

D.  Conditional  Variables 

IV.  Output 

A.  Pressure  Waveforms 

1.  Pulse  (ie,  rectangular) 

2.  Exponential  rise 

3.  Sinusoidal 

4.  Oscillating 

B.  Volume  Waveforms 

1 .  Ramp 

2.  Sinusoidal 

C.  Flow  Waveforms 

1.  Pulse  (ie,  rectangular) 

2.  Ramp 

a.  Ascending 

b.  Descending 

3.  Sinusoidal 

V.  Alarm  Systems 

A.  Input  Power  Alarms 

1.  Loss  of  electric  power 

2.  Loss  of  pneumatic  power 

B.  Control  Circuit  Alarms 

1.  General  systems  failure  (ventilator  inoper- 
ative) 

2.  Incompatible  ventilator  settings 

3.  Inverse  inspiratory-to-expiratory-time  ratio 

C.  Output  Alarms 

1 .  Pressure 

a.  High  and  low  peak  airway  pressure 

b.  High  and  low  mean  airway  pressure 

c.  High  and  low  baseline  pressure  (PEEP  or 
CPAP) 

d.  Failure  of  airway  pressure  to  return  to 
baseline  within  a  specified  period 

2.  Volume  (low  tidal  volume) 

3.  Flow  (low  minute  ventilation) 

4.  Time 


a.  High  or  low  ventilatory  frequency 

b.  Long  or  short  inspiratory  time 

c.  Long  or  short  expiratory  time  (long  ex- 
piratory time  =  apnea) 

5.  Inspired  gas 

a.  High  or  low  inspired  gas  temperature 

b.  High  or  low  Fio:  (Fdo:) 

A  discussion  of  input  power  sources  and  power 
conversion/transmission  is  beyond  the  scope  of  this 
article.  However,  control  schemes  and  ventilator 
output  (ie,  pressure,  volume,  and  flow)  are  ex- 
plored in  detail.  The  classification  system  is  also 
applied  to  alarms. 

The  Theoretical  Basis  for 
Ventilator  Classification 

To  understand  how  a  machine  can  be  controlled 
to  replace  or  supplement  the  natural  function  of 
breathing,  we  need  to  understand  something  about 
the  mechanics  of  breathing.  The  study  of  mechan- 
ics deals  with  forces,  displacements,  and  the  rate  of 
change  of  displacement.  In  physiology,  force  is 
measured  as  pressure  (pressure  =  force  -^  area),  dis- 
placement is  measured  as  volume  (volume  =  area  x 
displacement)  and  the  relevant  rate  of  change  is 
measured  as  flow  (eg,  average  flow  =  Avolume  h- 
Atime;  instantaneous  flow  =  c/v/(/t,  the  derivative  of 
volume  with  respect  to  time).  Specifically,  we  are 
interested  in  the  pressure  necessary  to  cause  a  flow 
of  gas  to  enter  the  airway  and  increase  the  volume 
of  the  lungs. 

The  study  of  respiratory  mechanics  is  essentially 
the  search  for  simple  but  useful  models  of  res- 
piratory-system mechanical  behavior.  Figure  1  de- 
picts the  respiratory  system  in  a  graphic  model  and 
in  a  mathematical  model  based  on  the  graphic  mod- 
el. Measurable  variables  (ie,  pressure,  volume,  and 
flow)  are  related  by  a  mathematical  model  known 
as  the  equation  of  motion  for  the  respiratory  sys- 
tem:' 

muscle  pressure  =  ventilator  pressure  = 
volume/compliance  +  (resistance)  (flow).  [  1  ] 

In  this  simplified  form,  muscle  pressure  is  the 
imaginary'   transrespiratory  pressure  (ie,  airway 
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resistance  =—'^ 

Allow 


pressure 


-Equation  of  Motion - 


pressure  =  — ^°         —  +  flow  x  resistance 
compliance 


Apressure 


Fig.  1.  The  study  of  respiratory  system  mechanics  is  based  on  graphical  and  mathematical  models.  Specifically,  the  res- 
piratory system  is  often  conceived  as  a  single  resistance  connected  to  a  single  compliance.  The  mechanical  behavior  of 
this  system  is  described  by  a  mathematical  model  called  the  equation  of  motion  for  the  respiratory  system  In  this  model, 
pressure,  volume,  and  flow  are  variables  (ie,  functions  of  time)  while  resistance  and  compliance  are  constants. 


pressure  minus  body  surface  pressure)  generated  by 
the  ventilatory  muscles  to  expand  tiie  thoracic  cage 
and  lungs.  Muscle  pressure  is  said  to  be  imaginary 
because  it  is  not  directly  measurable.  Ventilator 
pressure  is  the  transrespiratory  pressLire  generated 
by  the  \entilator  during  inspnalion.  The  combined 
muscle  and  \entilator  pressure  cause  volume  and 
How  to  be  delivered  to  the  patient.  Pressure,  vol- 
ume, and  tlou  change  with  time  and  hence  are  \ar- 
lables.  Compliance  and  resistance  are  assumed  to 
remain  constant  and  are  called  parameters,  and 
their  combined  effect  (ie.  the  impedance)  con- 
stitutes the  load  experienced  by  the  ventilator  and 
ventilatory  muscles.  The  term  parameter  may  also 
refer  to  a  particular  aspect  of  a  \ aiiablc  such  as  the 
peak  or  mean  value. 

Notice  that  if  the  patient's  ventilatory  muscles 
are  not  functioning,  muscle  pressure  =  0.  and  the 
ventilator  must  generate  all  of  the  pressure  required 
to  deliver  the  tidal  volume  and  inspiratory  How.  On 
the  other  hand,  a  \entilator  is  not  needed  for  nor- 
mal, spontaneous  breathing  (ie,  ventilator  pressure 
=  0).  in  between  these  two  extremes,  an  infinite 
nimiber  of  combinations  of  muscle  pressure  (ie.  pa- 
tient effort)  and  ventilatory  support  are  theo- 
retically possible.  These  combinations  suggest  a 
great  many  so-calleii  modes  of  \enlihilion  for  par- 
tial \entilator\  sLipport. 


It  is  important  to  remember  that  pressure,  vol- 
ume, and  flow  are  measured  relati\e  to  their  base- 
line \alues.  Thiis.  ioi  example,  \cntilalor  pressure 
actually  means  airway  pressure  minus  baseline 
pressure  (ie.  ventilator  pressure  =  P.^  -  CP.APi. 
Clinicians  are  often  unaware  of  this  distinction  and 
believe,  for  example,  that  a  patient  breathing  spon- 
taneously on  CPAP  is  somehow  aided  by  the  ven- 
tilator, hi  fact,  ventilator  pressure  (from  the  equa- 
tion of  motion)  on  CPAP  is  zero  (ie.  P.,«  =  CP.AP. 
so  ventilator  pressure  =  CPAP  -  CPAP  =  0).  and 
the  patient  must  generate  all  of  the  work  of  breath- 
ing, using  the  ventilatory  muscles. 

This  type  of  analysis  also  suggests  the  proper 
use  of  another  lici|uentl\  misunderstooil  term — ■ 
assist.  One  diclionar\  defines  assist  as  "to  help:  to 
aid;  to  give  support  .  .  ..""  From  the  perspective  of 
the  equation  of  motion,  whenexer  airway  pressure 
(ie.  \enlilaloi  pressure  I  rises  abo\c  baseline  during 
inspiration,  the  \entilator  does  wcirk  on  the  patient: 
work  -  Apressure  x  Avolume.  Thus,  the  breath  is 
assisted  or  helped.  This  was  the  original  intent  of 
the  so-called  Assist  Mode  on  earl\  mechanical  ven- 
tilators: The  patient  had  only  to  initiate  the  breath 
and  the  ventilator  did  the  rest  of  the  work.  L'nfor- 
tunately.  many  people  have  come  to  associate  the 
word  assist  with  a  \ei\  narrow  definition:  a  specif- 
ic mode  of  \cnlilalion  in  which  the  jiatient  can  tric- 
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ger  an  inspiration  with  a  preset  tidal  \oiiime.  This 
is  because  early  ventilators  had  a  knob  that  could 
be  turned  to  an  Assist  or  Assist/Control  position  to 
deliver  this  pattern.  Now  it  is  difficult  for  people  to 
\  ievv  newer  modes  of  ventilation,  such  as  Pressure 
Support  or  Proportional  Assist  as  forms  of  assisted 
ventilation  in  w  hich  the  \  entilator  contributes  some 
of  the  work  of  breathing. 

The  equation  of  motion  is  of  central  importance 
in  classifying  \  entilators.  The  behavior  of  the  var- 
iables in  the  equation  pro\ide  a  model  for  the  be- 
ha\  ior  of  a  ventilator  connected  to  a  patient.  To  un- 
derstand what  I  mean  by  the  behavior  of  variables 
in  an  equation,  consider  the  simple  equation: 

pressure  =  (resistance!  (flow),  |2] 

u  here  pressure  and  tlow  are  variables  and  resistance  is  a 
constant. 

Now,  if  we  make  tlow  a  linear  function  of  time, 
then  we  have  specified  that  its  form  is: 


now  =  (A)  (time), 
where  A  is  a  constant. 


[3] 


How  will  pressure  behave  once  the  form  of  flow- 
has  been  specified?  We  find  out  by  substituting 
Equation  ?>  into  Equation  2: 


pressure  =  (resistance)  (A)  (time). 


[4] 


But  because  resistance  and  A  are  both  constants, 
they  can  be  replaced  by  another  constant,  B: 


pressure  =  (B)  (time). 


[5] 


Equation  5  has  the  same  form  as  Equation  3, 
which  tells  us  that  pressure,  just  like  flow,  is  a  lin- 
ear function  of  time.  In  mathematical  terms,  flow  is 
called  the  independent  variable  because  we  spec- 
ified its  form  and  this  form  is  independent  of  any- 
thing else  in  the  equation.  Pressure  is  considered  to 
be  the  dependent  variable  becau.se  its  form  depends 
on  the  form  of  the  independent  variable,  flow,  and 
the  constant  B.  Of  course,  we  could  have  first  spec- 
ifled  the  form  of  pressure  and  then  observed  the  re- 
sultant forii)  for  tlou.  In  this  case,  pressure  would 


have  been  considered  the  independent  variable  and 
flow  the  dependent  variable. 

We  can  extend  this  analysis  to  ihc  equation  of 
motion  (Equation  I).  It  follows  thai  :n  this  equa- 
tion, the  form  of  any  one  of  the  three  variables  (ie. 
pressure,  volume,  or  tlow)  can  be  predetermined, 
making  it  the  independent  variable  and  making  the 
other  two  dependent  \ariables.  This  is  precisely 
analogous  to  the  way  ventilators  operate.  For  ex- 
ample, when  the  Siemens  Servo  900C  is  set  to  the 
Pressure  Control  mode,  it  controls  the  shape  of  the 
airway  pressure  waveform  (it  has  an  approximately 
rectangular  shape).  Thus,  pressure  is  the  in- 
dependent variable,  and  the  shape  of  the  volume 
and  flow  waveforms  both  depend  on  the  shape  of 
the  pressure  waveform  and  also  on  the  resistance 
and  compliance  of  the  respiratory  system.  (The  vol- 
ume and  flow  waveforms  determine  clinically  rel- 
evant parameters  such  as  tidal  \olume  and  peak  in- 
spiratory flowrate.)  On  the  other  hand,  in  the 
Volume  Control  mode,  we  can  specify  that  flow 
has  a  rectangular  waveform.  This  makes  flow  the 
independent  variable,  and  the  shapes  of  the  volume 
and  pressure  waveforms  depend  on  the  shape  of  the 
flow  waveform  as  well  as  on  resistance  and  com- 
pliance. (The  volume  and  pressure  waveforms  de- 
termine clinically  relevant  parameters  such  as  tidal 
volume,  peak  inspiratory  pressure,  and  mean  airway 
pressure.) 

We  now  have  a  theoretical  basis  for  classifying 
ventilators  as  either  pressure-,  volume-,  or  tlow- 
controllers.  The  necessary  and  sufficient  criteria  for 
determining  which  variable  is  controlled  (ie,  which 
variable  is  the  independent  variable)  are  illustrated 
in  Figure  2.  Note  that  if  the  waveforms  for  all  three 
variables  are  not  predetermined  (ie,  none  of  the 
variables  can  be  considered  independent),  then  the 
ventilator  is  considered  to  control  onlv  the  timins 
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Fig.  2,  Criteria  for  determining  the  control  variable  during 
a  ventilator-assisted  inspiration. 
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of  the  inspiratory  and  expiratory  phase  and  is  called 
a  time-controller.  In  at  least  one  case  (ie.  pro- 
portional assist  ventilation''),  the  ventilator  does  not 
predetermine  the  time  course  of  any  variable,  but 
for  convenience  we  will  consider  it  a  time-control- 
ler by  default. 

The  ventilator's  control  scheme  may  be  sophis- 
ticated, with  the  entire  shape  of  the  waveform  pre- 
determined during  inspiration.  Many  third- 
generation  ventilators  can  do  this  and  even  offer  a 
choice  of  wavelorins.  On  the  other  hand,  the  control 
scheme  may  be  quite  simple,  with  only  one  wave- 
form parameter,  such  as  the  peak  or  mean  value, 
controlled  during  inspiration.  The  most  common  ex- 
ample is  the  way  that  second-generation  infant  ven- 
tilators control  pressure  simply  by  limiting  the  peak 
inspiratory  value. 

l-or  each  control  variable,  a  linuted  number  of 
waveforms  are  commonly  used  by  current  ven- 
tilators, although  almost  any  waveform  is  possible. 
These  waveforms  can  be  itleaii/cd  as  shown  in  Fig- 
ure 6  and  have  been  grouivd  irito  tour  basic  cate- 
gories: pulse,  cxponcnliiil.  raiiip.  anti  sinusoichil. 
Tlu-si.-  li-nns  are  (.■onsisteni  wilh  llic  Icnns  usetl  in 
luatlK-malus  and  electiical  engineermg  to  describe 
these  wavelorrns.  (Note  that  a  pulse  waveform  is 
llK-ou-ln.all\  nnpossiliji.'  for  \olunie  because  \()lume 
liinnoi  rii.inge  instantaneously  Iroin  zero  to  some 
presci  \alue  as  pressure  and  flow  can.) 

Application  of  Priiuipli's  of 
('las.silK-ation  Sytsteiii 

(oiitrol  Vaiiahli's  and  VVaveronns 

l're.ssiire-('onU-()IU'rs — II  the  lonnol  x.in.iMe  is 
pressure,  the  \enlilaloi  can  eoniiol  i-iiliei  llu-  .niway 
pressiu'c  (causing  il  lo  use  ,iho\e  hmK  smlaee  pres- 
sure for  inspii.ition )  oi  ilie  piessuie  on  ilie  body  sur 
face  (eausiM!'  ii  lo  I. ill  below  aiiuaN  o|ieiiing  pressure 
loi  iiis|iii.ilion)  lliis  Is  ilie  b.isis  loi  elassifying  ven- 
iil.ilois  as  being  either  positive  oi  negative  piessuiv 
tyiK's.  for  example,  the  Newport  Wave  ventilaloi  can 
Ix'  classified  as  a  |>ositive-|iressure  eontiollei  ili.ii 
Jtcncnilcs  a  rcctanrnl.ii  piessme  w.iveloiin,  .iiul  llie 
I  ineison  lion  I  [\iw  .is  ,i  ne!',iii\e  pressure  eonlioller 
lli.il  |iioiiik  es  .1  i|ii,isi  sinnsonl,il  piessnre  w.ivelomi, 

1  he  ei|n.iliiin  ot   iiiolion  lelK  iis  ih.ii   il   ilie  \eii- 
iiliiiH    IS  ,111  ule.il  pressure fcnircllii   ilieii  ilu-  K-ll 


side  of  the  equation  (ie,  ventilator  pressure  as  a 
function  of  time)  is  determined  by  the  ventilator 
settings  (eg,  peak  inspiratory  and  end-expiratory 
pressure)  and  is  unaffected  by  changes  in  pa- 
rameter values  on  the  right  side  (ie.  compliance  and 
resistance). 

Volume-Controllers — If  the  pressure  waveform 
varies  as  the  load  changes,  we  then  examine  the 
volume  waveform.  However,  the  observation  that 
the  volume  waveform  remains  unchanged  is  a  nec- 
essary but  not  a  sufficient  condition  to  warrant  the 
classification  of  volume-controller  because  the 
same  holds  true  for  a  flow-controller.  The  reason  is 
that  once  the  volume  waveform  is  specified,  the 
flow  waveform  is  determined  because  they  are 
functions  of  each  other  (ie,  volume  is  the  integral 
of  How,  and  How  is  the  derivative  of  volume). 
Therefore,  if  changes  in  compliance  and  resistance 
do  not  change  the  volume  waveform,  they  do  not 
atfect  the  tlow  waveform,  and  \ice  versa. 

'fo  ciualify  as  a  vohiine-controUer  a  ventilator 
nuisi  (  I )  maintain  an  approximately  constant  vol- 
ume \\a\efoiin  in  the  face  of  a  varying  load  and  (2) 
measure  \olume  and  use  the  signal  to  control  the 
volume  \\a\eform.  Volume  can  be  measured  di- 
rectly onl\  b\  the  displacement  of  a  piston  or  bel- 
lows oi  similar  device.  With  a  piston  or  bellows, 
controlling  the  excursion  of  the  device  auto- 
matiealh  controls  the  volume  wavefonn.  Two  ex- 
aiujiles  ol  this  design  approach  are  the  Emerson 
3MV  and  the  Bennett  MA- 1.  Alternatively,  a  vol- 
ume signal  can  be  derived  by  integrating  a  tlow 
sigiuil.  Note  that  although  some  ventilators  like  the 
Siemens  .Sei  vo  *)(HK'.  the  Bennett  7:i)0.  the  Bear  5. 
•  iiul  ilu-  ll.imilion  \  eolar  display  volume  readings. 
i1k\  .ill  .leUi.illN  incisure  and  control  tlow  and  cal- 
ciil.iie  \  olume  for  displays.  Thus,  they  arc  all  tlow- 
eoniiolleis  unless  ihey  are  oper.ited  in  a  pre.ssure- 
eontrol  mode  (eg.  during  pressure  support  ventila- 
iKMi).  An  exaimnatiou  o\  a  veiuilalor's  schematic 
diagrams  and  operator's  manual  should  provide  the 
inromi.iiuin  neeess.ii\  lo  deeule  whethei  \oluiue  or 
How  IS  being  me.isnied 

l'l(l^^-('(>IIt^»lle^■^  It  the  volume  waxetonn  iv- 
Mi.ims  unchanged  when  eompliance  and  tvsisttmcc 
.11  e  \. II  led,  .iiul  1 1  \  olume  is  not  duvctlv  measured 


1014 


KISIMK\U>IO  C  \K1    •  SI  I'll  MtM  K  ■'^- Vv>l37Noy 


ClASFL 


-AT  V+^'KIT  - 


sri^  i>  :   ^  ^  "  'an: 

■ervrjLair":   "...::  ^     _  __     -^:.:.: ;   ■. :_    __r.  i 

n^es:^iir-r- ^oniralfer  if  Ae  xarvzs^  lusssms  due;-  'aai 
isacfc  the  set  ibssoie  Inn        ^  2-,  :^  fluw- 

TieEr  I?  iKUii^"  '  — 2^i>urr  c:!rriren.-»3Ed.  mni  IB 
mnnui  vane;  _  m  ihr  iacf  af  sl  r^iamm 
iaai>  Ic  xsomrasL  Be  Semsn?  Sstwd  fllMC  tsp- 
calfec  ttscaujc  it  bss?  stwt  A^nmFDl  i  i^ssansi.  jtow 
.:^       r  -^:       -  ^  t£.  "me  JE- 

-5:  :\  -,_    :  -_    -_ _,  zar  'n:itT- 

3Hiii  JB  nBOis  cDnsstsm  iiOTiraiaiT.  ik»»  v.. 
a^  :die  load  i^iai^^. 

_j-   -----    -■-■     ■'-    :~:    ■  -'rrr^ 

iui^:  insjhanks.  thee  :i3if  iiii}\  fsam.  nf  .cnnmil  iis 
ihai  n: -{EnnnK:  ne  v-  le  nratemaniE: 

rt—   :—  —  -- -  -^r  aru  -  Thsisfrns.  :^ 

:h:  cnnr       .      ,  ne  m^nrrainn 


T 


umpSL  TQbS  ■«.:ihhii»hii  aifij|.-t<t  tii  <knitn 


ai 


Tffiaje  Tecoi^s^  ^sutifvma:  rgsmrr . 

Tght^ri  iw  S7;amminr  tie  ?\snB  ihs  ._::?  mE- 

iE  £  lerr- -V—     '     -     -    — ^-:  —  ane  te^ 

iwesE  lit      ^         .  .        ,  .  ire  negnt- 

unE  IE  ife  Tissxi.  MiKhfT  a  jfl  jgiroffiBg  Aai  Ag 
une  ^HE  ie  ajviciar  mtr  Tnor  iihisas:  lie  rbaieE 
T^"""     :■""'-:  "      --— --'^..   msiinannn.   Ite 

r:..    -  nanon.  and  £OTir£- 

liBE.  in  2*31 3iffl^  a  Tarhcuhr  \Bnaiib  i;  mss^ 
heC  and  aissd  ir  jhjt:.  susuuk..  and  :?n£  lie  laiiasE. 
^  _.     ,_-,-     — ^     -       -..._      finw..  and  line 

a-  -       -  -IE.  3:. 


1 


1 


! 


Does  iTsmtHiw 


PSDK3IDT  SHTE 


« 


« 
"5 
* 


5 
I 


iQsn/aanr  g 

naiijacn-  s 

'»tssssan»  JiiiWm. 

vauwwt -WiHa. 

k 

i 

1 

1^ 

«et 

Ifeef  nea*  D^sutt 

•ar 

Tifs<=Re»  \ou-^ 

i»B£}- D^ssr^aiME 

^»- 

=---.-■    -<~5S-iaLiS 

MtDcs  irsuianr«w& 

•^i       -       rS^ 

3anor«»u£, 

^tO¥  Jndtsc 

A 

Dl^I^  tar 
^srr  sffi^''  vais 


1. 


>;>5«K 


^,1-  -t  ^, 


t  £  ^rtte»4  to  .tfeiermitw>^  tht-Bti^svaraDftsaunTC-EAffimiaiD'^ESsecuEsath 


«fS»ff  .■^->rA  o*E£*5a^rrS!«ffiEfc  SeW*i37Si,^ 


in'=: 


CLASSIFICATION  OF  MECHANICAL  VENTILATORS 


Trigger  \ariables — All  ventilators  measure  one 
or  more  of  the  variables  associated  w  ith  the  equa- 
tion of  motion  (ie.  pressure,  volume,  flow,  or  time). 
Inspiration  begins  when  one  of  these  variables 
reaches  a  preset  value.  Thus,  the  \  ariable  of  interest 
is  considered  an  initiating  or  irigi^er  variable.  The 
most  common  trigger  variables  are  time  (ie,  the 
ventilator  initiates  a  breath  according  to  a  set  fre- 
quency, independent  of  the  patient's  spontaneous 
efforts)  and  pressure  (ie,  the  ventilator  senses  the 
patient's  inspiratory  effort  in  the  form  of  a  drop  in 
baseline  pressure  and  starts  inspiration  independent 
of  the  set  frequency).  Of  course  it  may  be  possible 
to  manually  trigi>er  inspiration.  Indeed,  it  is  pos- 
sible to  trigger  inspiration  using  almost  any  type  of 
signal.  For  example,  the  Infrasonics  StarSync  de- 
vice triggers  the  \entilator  in  response  to  the  in- 
fant's chest-wail  mo\ements  during  an  inspiratory 
effort. 

It  is  feasible  for  a  ventilator  to  measure  volume 
and  flow  changes  caused  by  the  patient's  in- 
spiratory efforts  and  use  them  to  trigger  inspiration, 
hut  the  technology  is  more  complex  and  is  not 
commonly  used.  Triggering  on  flow  has  been 
shown  to  be  more  sensitive  than  triggering  on  pres- 
sure (at  least  with  conventional  patient  circuits); 
hence,  the  patient  has  to  do  less  work  on  the  ven- 
tilator to  obtain  a  breath.''  On  the  other  hand,  the 
flow  signal  is  prone  to  noise  caused  by  movement 
of  the  patient  circuit  and  turbulence  from  condensa- 
tion in  the  circuit.  This  may  lead  to  false  triggering. 
Volume-triggering  is  less  sensitive  to  such  noise. 
Currently,  only  the  Bennett  72()0a  can  be  How- 
triggered  and  only  the  Driiger  Babylog  is  volume- 
triggered. 

The  patient  effort  required  to  trigger  inspiraticMi 
is  determined  by  the  \enti!alor's  sensitiviry.  Sen- 
sitivity is  adjusted  by  changing  the  preset  value  of 
the  trigger  variable.  For  example,  to  make  a  pres- 
sure-triggered ventilator  more  sensitive,  the  trigger 
pressure  can  be  adjusted  from  5  cin  H^O  to  1  cm 
H;0  below  the  baseline  pressure. 

Mandatory  vs  Spontaneous  Breaths — Some  \en- 
tilatory  modes  permit  the  patient  to  breathe  spon- 
taneously between  mandatory  breaths.  But.  here  is 
an  interesting  dilemma:  What  is  the  difference  be- 
tween a  mandator)  and  a  spontaneous  breath? 
Again,  this  is  a  problem  born  of  Iccimologic  cxolu- 


tion.  Taber"s  definition  of  spontaneous  is  "oc- 
curring .  .  .  without  apparent  cause;  voluntary."'"  h 
is  clear,  for  example,  that  a  patient  breathes  spon- 
taneoush  when  not  connected  to  a  \entilator — the 
patient  controls  the  frequency  and  size  of  breaths 
and  hypoNcntilates  if  apnea  occurs. 

Originally,  ventilators  controlled  e\er>  breath. 
The  idea  that  there  could  be  such  a  thing  as  a  spon- 
taneous breath  during  mechanical  ventilation  arose 
when  continuous-tlow.  intermittent  mandatory  ven- 
tilati^)n  (IMV)  was  introduced.  Yet  it  is  obvious,  in 
the  context  of  IMV.  that  mandatory  breaths  are 
triggered,  or  caused,  by  the  \enlilator.  and  spon- 
taneous breaths  are  under  \oluntar\  control  b)  the 
patient.  Synchronized  intermittent  mandatory  ven- 
tilation (SIMV)  was  created  as  a  refinement  of 
IMV  in  which  the  ventilator  responds  to  patient 
breathing  efforts  in  one  of  two  ways  depending 
upon  when  the  effort  occurs.  .A  consideration  of 
this  mode  complicates  matters.  If  a  patient  in- 
spiratory effort  occurs  at  the  right  time,  inspiration 
is  pressure-  (or  flow-)  triggered  instead  of  time- 
triggered  by  the  ventilator.  The  right  time  is  usually 
refened  to  as  a  w  indow  or  percentage  of  the  \en- 
tilatory  period  (defined  by  the  set  SIMV  frequency) 
during  which  the  \entilator  switches  from  patient- 
triggering  to  time-triggering.  Thus,  it  seems  that  a 
breath  ma\  be  either  mandatory  or  spontaneous  de- 
pending upon  the  coincidental  occuirence  of  a  pa- 
tient effort  w  ithin  the  timing  window!  A  considera- 
tion of  the  pressure  support  mode  raises  the 
question  of  whether  setting  an  inspiratory  pressure 
limit  constitutes  a  mandatory  breath.  We  need  more 
exact  definitions  of  the  terms  mandatory  and  spon- 
taneous. This  will  help  us  to  understand  what  the 
\ciililalor  is  doing  and  will  pro\  ide  a  basis  for  dis- 
tinguishing between  ventilator)  modes. 

To  resohe  these  problems,  we  must  recognize 
the  importance  of  distinguishing  between  the  types 
of  breaths  that  can  occur  in  any  mode  of  ventila- 
tion. We  must  aLso  use  the  simplest  classification 
scheme  to  avoid  unnecessary  complexity.  This 
means  that  we  should  tr\'  to  define  as  few  breath 
types  as  possible.  One  is  clearl\  too  lew .  Three  or 
more  are  conceivable  (eg.  flow -controlled  man- 
datory normal,  flow -controlled  mandator)  sigh, 
and  pressure-controlled  spontaneous,  or,  perhaps, 
controlled,  assi.sted.  and  spontaneous).  Two  seem 
about  right — mandatory  and  spontaneous,  based  on 
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the  degree  of  control  the  patient  has  over  the  breath 
parameters.  One  dictionar\  defines  spoiiidiicoits  as 
".  .  .  acting  .  .  .  from  a  native  internal  .  .  .  readiness, 
or  tendenc\.  wilinuit  compulsion  .  .  .""  and  iiuiii- 
iliiiory  as  "".  .  .  re(.|uued;  ohligalor\  .  .  .  containing 
a  mandate"  (ie.  lo  control)."  The  following  analy- 
sis shouki  turlher  illummalc  the  issue. 

When  the  patient  is  not  connected  to  the  \en- 
tilator.  the  brain  determines  the  trigger.  limit,  and 
c\cle  \alues  in  response  to  physiologic  signals  sup- 
plied b\  chemoreceptors  and  the  Hering-Breuer  ic- 
lle.x  (ie.  the  brain  initiates  a  breath,  determines  the 
peak  inspiratory  tlowrate  and  wa\eform.  and  de- 
termines the  size  of  the  tidal  volume).  Ventilatory 
failure  can  be  thought  of  as  a  derangement  o\  these 
\alues  due  to  problems  with  the  physiologic  sen- 
sors, the  brain's  ability  to  process  the  signals,  fail- 
ure of  the  ventilatory  muscles,  or  pathology  of  the 
lungs.  An  ideal  ventilator  would  sense  the  body's 
physiologic  gas  exchange  needs  just  as  the  brain 
does  and  would  provide  assistance  in  proportion  to 
the  deticit  in  the  trigger,  limit,  and  cycle  values. 

Ventilatory  failure  can  be  partial  or  complete, 
gi\ing  rise  to  the  need  for  partial  or  complete  ven- 
tilatory support.  In  partial  \entilatory  failure,  the 
bod\  usuallv  maintains  a  regular  effort  to  trigger 
inspiration  but  has  lost  the  capability  to  maintain 
adequate  limit  and  cycle  values  (ie.  inspiratory 
llowratc  and  tidal  volume  are  too  small).  When  the 
body  tries  to  breathe  spontaneously,  the  ideal  ven- 
tilator would  sense  and  preserve  this  ventilatory 
dri\e  by  allowing  patient-triggering,  patient- 
limiting,  and  patient-cycling  of  the  assisted  breath 
in  exact  proportion  to  the  patient's  need.  Younes 
has  recently  described  an  experimental  device  that 
can  do  this.''  (Unfortunately,  current  commercial 
devices  have  not  evolved  enough  to  allow  this  level 
of  sophistication,  and  we  are  forced  to  add  the 
judgment  of  the  \entilator  operator  into  the  control 
loop.)  In  full  ventilatory  failure,  the  body  no  longer 
attempts  to  trigger,  limit,  or  cycle  inspiration,  and 
the  ventilator  assume  these  functions.  Thus,  we  can 
derive  a  clinically  relevant  definition  of  spontane- 
ous and  mandatory  breaths. 

Spoiikineoiis  breaths  are  those  that  the  patient 
may  both  initiate  and  terminate  w  ith  sufficient  ac- 
tivity of  the  ventilatory  muscles  or  by  the  passive 
characteristics  of  respiratory  system  compliance 
and  resistance.  If  the  ventilator  determines  either 


the  start  or  end  of  inspiration,  then  the  breath  is 
considered  to  be  nuuuhiiory.  I-igure  4  illustrates 
these  definitions  with  an  algorithm.  Note  that  if  the 
ventilator  either  time  oi"  volume  cvcles  an  in- 
spiration, the  breath  is  consideretl  mandatory  be- 
cause it  is  terminated  by  the  ventilator.  It.  however, 
the  ventilator  tlow  cycles  an  inspiration  (as  in  the 
pressure  support  mode),  it  is  not  considered  man- 
datory. The  rate  of  decay  of  inspiratory  tlow  is  de- 
termined by  the  patient's  lung  mechanics  and/or 
ventilatorv  muscle  activity.  Flow-cvcling  does  not 
necessarily  dictate  either  the  iiispiratorv  time  or  the 
tidal  volume  (particularly  if  there  is  ventilatory 
muscle  activity).  In  other  words,  the  ventilator  at- 
tempts to  match  the  patient's  inspiratory  demand. 
and  it  is  reallv  the  patient  who  terminates  the 
breath. 


Observation 

and 

previous 

knowledge 


Is  inspiration 

initiated 
by  the  patient's  ' 
ventilatory  dnve'' 


yes 


Is  inspiration 
terminated         yes 
by  the  patient's 
hjng  mechanics 

or 
ventilatory  dnve'' 


Breath  is 
Spontaneous 


Fig.  4.  Algorithm  defining  spontaneous  and  mandatory 
breaths.  In  terms  of  current  technology,  the  breath  Is 
mandatory  If  the  breath  Is  triggered  according  to  a  preset 
frequency  or  minimum  minute  ventilation  or  cycled  ac- 
cording to  a  preset  frequency  or  tidal  volume.  All  other 
breaths  are  spontaneous. 


amples:  II' the  breath  is  triggered  bv  the  ventilator, 
then  it  is  considered  mandatory  regardless  of  how  it 
is  limited  and  cycled.  If  the  ventilator  is  set  so  that 
the  patient  may  trigger  a  breath  but  the  inspiratory 
flowrate  and  tidal  volume  are  preset  (eg,  the  Assist/ 
Control  or  CMV  mode),  then  the  breath  is  man- 
datory because  the  patient  cannot  terminate  the 
breath  before  or  after  the  predetermined  inspiratory 
time  has  elap.sed.  On  the  other  hand,  if  the  ven- 
tilator is  set  so  that  the  patient  may  trigger  a  breath 
but  the  inspiratory  pressure  is  limited  and  the 
breath  is  How -cycled  (eg.  the  pressure  support 
mode),  then  the  breath  is  sponiaiwoiis  because  the 
patient  can  still  determine  the  instantanet>us  in- 
spiratory tlowrate  and  tidal  volume,  depending  on 
the  activity  of  the  ventilatory  muscles.  To  avoid 
confusion,  it  helps  to  perceive  that  all  mandatory 
breaths  are  assisted  in  the  sense  (defined  earlier) 
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that  the  ventilator  does  work  on  the  patient.  Spon- 
taneous breaths  may  be  either  assisted  (eg.  pressure 
support  or  proportional  assist)  or  unassisted  (eg, 
breathing  on  CPAP  or  not  connected  to  a  ven- 
tilator). Defining  breaths  in  this  way  provides  the 
basis  for  classifying  modes  of  ventilation  and  may 
provide  a  simpler  basis  for  selecting  modes  on  the 
ventilator. 

Limit  Variable — During  inspiration,  pressure,  vol- 
ume, and  flow  increase  above  their  end-expiratory 
values.  If  one  (or  more)  of  these  variables  rises  no 
higher  than  some  preset  value,  we  refer  to  the  var- 
iable as  a  limit  variable.  But  we  must  distinguish 
the  limit  variable  from  the  variable  that  is  used  to 
end  inspiration  (called  a  cxclc  variable).  Therefore, 
we  impose  the  additit)nal  criterion  that  inspiration  is 
not  terminated  because  a  variable  has  met  its  preset 
limit  value.  In  other  words,  a  variable  is  limited  if  it 
increases  to  a  preset  value  before  inspiration  ends. 
These  criteria  are  illustrated  in  Figure  5. 


Fig.  5.  This  figure  illustrates  the  importance  of  dis- 
tinguishing between  the  terms  limit  and  cycle.  In  A,  both 
volume  and  flow  are  limited  (because  they  reach  preset 
values  before  end-inspiration)  and  inspiration  is  time- 
cycled  (after  the  preset  inspiratory  pause  time).  In  B,  flow 
is  limited  but  volume  is  not  and  inspiration  is  volume- 
cycled. 

For  example,  peak  pressure  during  conventional 
or  high  frequency  oscillatory  ventilation  of  neo- 
nates is  frequently  limited,  but  the  preset  pressure 
limit  has  nothing  to  do  with  the  termination  of  in- 
spiration. Rather,  inspiration  ends  after  a  preset 
time  interval,  (ie.  the  preset  inspiratory  time).  An- 
other example:  When  an  inspiratory  pause  is  used 
on  a  ventilator  like  the  Bear  .*).  the  volume  de- 
livered to  the  patient  is  limited  to  a  preset  value, 
but  inspiration  does  not  end.  Rather,  inspiration 
ends  when  a  preset  time  interval  (in  this  case  the 


pause  time)  has  elapsed.  One  last  example  is  the 
way  peak  inspiratory  tlowrate  is  often  limited  to  a 
preset  value  (during  ventilation  of  adults),  but  in- 
spiration ends  when  a  preset  volume  has  been  de- 
livered. 

Clinicians  commonly  use  the  terms  hmil  and  cy- 
cle interchangeably — a  misuse  of  terms  encouraged 
by  some  ventilator  manufacturers  who  use  the  term 
limit  to  describe  what  happens  when  a  pressure 
alarm  threshold  is  met  (ie.  inspiration  is  terminated 
and  an  alarm  is  activated).  The  term  cycle,  as  de- 
fined below,  is  more  appropriate  in  this  situation. 

Another  potentially  confusing  issue  is  that  the 
control  variable  and  the  limit  variable  are  often  the 
same.  For  example,  during  infant  ventilation  with  a 
pulse  (ie.  rectangular)  pressure  waveform,  pressure 
is  both  the  control  variable  and  the  \ariable  whose 
peak  value  is  limited  during  inspiration.  For  adult 
ventilation  with  a  pulse  flow  waveform,  flow  is 
also  both  the  control  and  limit  variable.  However,  it 
is  a  mi.stake  to  assume  that  the  control  and  limit 
variables  are  always  identical  and  that  the  words 
may  be  u.sed  interchangeably.  It  is  possible  to  have 
a  control  variable  but  no  limit  variable.  For  ex- 
ample, if  the  control  variable  is  flow  with  an  as- 
cending ramp  waveform  and  there  is  no  inspiratory 
pause,  then  there  is  no  limit  variable.  The  reason  is 
that  the  set  peak  tlow  and  tidal  volume  occur  exact- 
ly at  end-inspiration.  Recall  that  the  limit  variable 
attains  its  peak  value  before  end-inspiration.  On  the 
other  hand,  it  is  possible  to  have  a  limit  variable 
but  no  control  variable.  For  example,  during  ven- 
tilation with  the  proportional  assist  mode,*  the 
wa\eforms  for  pressure.  \oIume.  and  tlow  are  not 
predetermined  by  the  \entilator  nor  is  inspiratory 
time  preset.  Therefore,  by  definition,  there  is  no 
control  variable.  Yet  both  volume  and  tlow  reach 
preset  maximum  values  before  end-inspiration.  In 
this  case,  however,  the  preset  maximum  values  are 
percentages  of  the  patient's  spontaneously  gener- 
ated volume  and  flow,  rather  than  fixed  values. 
Therefore,  we  must  conclude  that  the  terms  control 
variable  and  limit  variable  play  unique  and  useful 
roles  in  the  overall  classification  scheme. 

In  the  equation  of  motion,  pressure,  volume,  and 
How  are  measured  relative  to  their  baseline  values. 
Therefore,  to  maintain  consistency,  pressure,  vol- 
ume, and  tlow  limits  must  be  specified  relative  to 
their  end-expiratory  values.  This  is  obvious  for  vol- 
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lime  and  fimv — their  values  are  zero  at  end-expi- 
ration. However,  there  is  currently  confusion  about 
pressure  limits.  For  example,  in  the  pressure  sup- 
port mode,  the  pressure  limit  is  specified  as  a  value 
above  end-expiratory  pressure  (ie,  above  PEEP,  but 
the  pressure  limit  on  an  infant  ventilator  is  meas- 
ured relative  to  atmospheric  pressure.  Again,  to 
maintain  consistency,  pressure  limits  iiiiisi  iilways 
he  measured  relative  to  the  preset  eml-e.\piratory 
pressure.  It  is  the  pressure  change  above  end- 
expiratory  pressure  that  determines  the  tidal  vol- 
ume. Thinking  of  the  pressure  limit  as  being  meas- 
ured above  atmospheric  pressure  (and  using  a  ven- 
tilator that  controls  it  as  such)  rather  than  above 
end-expiratory  pressure  leads  to  clinical  mis- 
judgments.  For  example,  a  common  mistake  made 
by  clinicians  inexperienced  in  infant  ventilation  is 
to  increase  the  PEEP  without  increasing  the  peak 
inspiratory  pressure  limit:  then  they  wonder  why 
the  Pco2  increases. 

Cycle  Variable — Inspiration  always  ends  (ie,  is 
cycled  off)  because  some  variable  has  reached  a 
preset  value.  The  variable  that  is  measured  and 
used  to  temiinate  inspiration  is  called  the  cxcle  var- 
iable. Deciding  which  variable  terminates  in- 
spiration in  a  given  ventilator  can  be  confusing.  For 
a  variable  to  be  used  as  a  feedback  signal  (in  this 
case  a  cycling  signal)  it  must  first  be  measured. 
Most  third-generation  adult  ventilators  allow  the 
operator  to  set  a  tidal  volume  and  inspiratory  flow- 
rate,  which  would  lead  one  to  believe  that  the  ven- 
tilator could  be  volume-cycled.  However,  closer  in- 
spection reveals  that  these  ventilators  do  not 
measure  volume  (which  is  consistent  with  the  fact 
that  all  third-generation  ventilators  to  date  are 
tlow -controllers).  Rather,  they  set  the  inspiratory 
time  necessary  to  achieve  the  set  tidal  volume  with 
the  set  inspiratory  flowrate,  making  them  time- 
cycled.  The  tidal  volume  dial  can  be  thought  of  as 
an  inspiratory  time  dial  calibrated  in  units  of  vol- 
ume rather  than  time. 

Some  authors  have  asserted  that  a  ventilator  can 
have  mixed  cycling,  which  is  contrary  to  the  idea 
presented  here  that  a  ventilator  can  only  control 
one  variable  at  a  time.  The  most  common  example 
given  by  these  authors  is  a  ventilator  drive  mech- 
anism composed  of  a  piston  connected  to  a  rod  and 


a  rotating  crank.  It  is  argued  that  one  cannot  dis- 
tinguish between  time  (ie,  inspiratory  time  .set  by 
the  frequency  at  which  the  crank  rotates)  and  vol- 
ume (ie,  the  stroke  volume  of  the  piston)  as  the  cy- 
cling variable. 

This  problem  can  be  addressed  as  follows:  First 
of  all,  such  a  mechanism  has  been  used  in  two  gen- 
eral applications.  One  is  as  the  drive  mechanism  of 
a  high  frequency  oscillator.  In  this  application,  for  a 
given  frequency  and  stroke  volume  of  the  piston, 
the  pressure,  volume,  and  How  delivered  to  the  pa- 
tient are  usually  the  result  of  the  relative  im- 
pedances of  the  patient's  respiratory  system  and  the 
expiratory  limb  of  the  delivery  circuit  (usually  con- 
figured as  a  variable  low-pass  filter).  Here  the  pres- 
sure, volume,  and  flow  waveforms  delivered  to  the 
airway  opening  vary  as  respiratory  system  mechan- 
ics change  so  that  the  ventilator  is  a  time-controller, 
as  shown  in  Figure  6.  Furthermore,  it  follows  that 
inspiration  does  not  end  because  a  set  pressure,  or 
volume,  or  flow  has  been  achieved,  leaving  time  as 
the  only  reasonable  cycling  variable.  The  same  ar- 
gument can  be  applied  to  a  system  in  which  a  piston 
is  used  to  compress  a  reservoir  bag. 

The  second  application  is  exemplified  by  ven- 
tilators like  those  of  the  Emerson  series  or  the 
Bourns  LS-I04.  With  these  ventilators,  if  the  in- 
spiratory time  is  short  enough  and  tidal  volume 
large  enough,  then  as  the  load  imposed  by  a  sim- 
ulated patient  increases,  a  point  comes  when  the 
motor  is  overloaded  and  cannot  meet  the  desired 
settings.  In  this  case,  it  is  clear  that  inspiratory  time 
is  lengthened  for  as  long  as  it  takes  the  piston  to 
reach  the  end  of  its  stroke.  Thus,  time  is  sacrificed 
for  volume,  and  we  must  conclude  that  volume  is 
the  cycling  variable. 

Baseline  Variable — The  significant  characteristic 
of  expiration  is  how  the  ventilator  affects  the  way 
the  control  variables  return  to  their  baseline  values. 
The  variable  that  is  controlled  during  the  expiratory 
time  is  the  baseline  variable.  Note  that  in  the  equa- 
tion of  motion,  pressure,  volume,  and  tlow  are 
measured  relative  to  end-expiratory  or  baseline  val- 
ues and  are  thus  initially  all  zero.  Although  the 
baseline  value  of  any  of  these  variables  could  theo- 
retically be  conU"olled,  pressure  control  is  the  most 
practical  and  is  implemented  by  all  commonly  used 
ventilators. 
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pCf MftQm  lOf  UHdaftlMIXlMfl  fFWCtWV 

KM  venWatOfs  N  i«  b«M<l  on  a  maih- 
amabcal  moda<  kno«vn  a*  Iha  'aqua- 
Don  o(  mooonr'  tor  iha  raapffatory 
sysiam.  This  modat  indicaiaa  mar 
durtng  inspiraOon.  ma  vanMator  « 
aMa  10  d)rac0y  control  ona  and  on(y 
ona  vanaMa  at  a  oma  (ta,  praaaura, 
vofcima,  or  floMO-  Soma  common 
wavatorma  provtdad  by  currarn  van- 
Mators  ara  ahotwn  tor  aach  control 
variaMa.  Praaaura.  voluma,  flow,  and 
lima  ara  alto  uaad  aa  phaaa  var- 
MMaa  thai  daiarmina  iha  paramatars 
of  aach  vanMaiory  cycle  (eg.  trigger 
•anarlirvHy,  paak  irttpiraiory  ftowrate 
or  fHMSuft,  mapiraury  lima,  ana 
baaaAna  prttaun).  Modaa  of  vanMa- 
non  ara  aimpfy  (argon  for  vartout 
combirtationa  of  comroi  and  pftase 
varkaWaa.  Tha  diagram  «  drawn  aa  a 
ftow  Chan  to  amphaaiza  ihai  aacti 
braalh  may  hava  a  diffarani  mi  of 
comrof  and  fihaae  vartabtaa  da- 
parKftng  on  Iha  moda  of  varrfHatton 
daairad. 


'Ihc  ability  (if  a  vantlMiH  to  control  the  ba.<tclinc 
vsiriahlc  mcan%,  for  prsiclical  purpit%c%,  ihc  ability  to 
coriirol  c  •  ".  rite 

that  Ihc        ,  ,    ,,       ,       ,  „rc 

rather  than  aimay  ptc%.%utc.  Thi%  diMinction  i.«  matk 
f<;r  two  rcaMm%.  f'irM,  it  ih  to  accmiim«)cjatc  ihc  Hilua- 

Klin  in  which  t •  ••  ■  • •    •  '  ftit  i<i  able  to 

maintain  a  iic>  iluring  ex* 

(iiralion.  The  ba.<iclinc  iranHrctpiratory  prcMurc  dif- 
ference Kaifway  prc<»turc  rninu*  body  Mirfiitc  prcv 
Mire)  in  thi*  cav:  ih  |io<»iiivc,  |iiM  a*  wlicn  conven- 
tional cnd-c)ipiraiory  prcHsurc  ii  uicd  However,  end- 
enjnratory  airway  prc%iMirc  i»  zero.  'Ihu*.  ihinkinj?  of 

IT.  '       ■  .':,..,  lire 

I.I 

The  <iccond  rca^in  for  the  distinction  between 
iran%rc'kpiraiiify  ami  airway  pfci>*urc*  i*  thiii  il  iniuhl 

I ,.   1 .  ..  ,i,|p  I,,  iippiy  ;i  f;    ■  •       •-  -  —  ruraiory  prev 

i,'c  lo  fjciliui'  .    \m.c  of  in- 

<.  reused  airway  resistiince   Schul/c  ct  al'^  have  dc- 

Mti.-(|  ihis  Iccfiniquc  as     "resiMivc  un\ir.uSmf,"  or 

,if..-  ..-.,ii|  ,1,..  r.-  iti^incc  "  Ihit  IS  Minitar  to  iIk 


cofKcpt  of  using  pressure  suppon  to  decrease  the  re 
sistivc  work  of  inspiration,  except  tlial  ihc  change  in 

tf.i:  '  ■m\  of  prrs- 

ill  ■' ,      ■       .'  ,  '  hclow  Ihc 

baseline  ratficr  than  afxive  it.  More  precisely,  wc  set 
ufK  baseline  to  assist  expiratory  flow  and  then  an 
olficr  wfjcn  cxpiralory  flow  teases,  in  order  lo  restore 
functional  residual  cap;k.ity  Ibis  (irevents  gas  trap- 
ping without  Ihc  nsk  of  alveolar  collapse  asviciatcti 
with  the  old  style  negative  erNl-expiratory  pressure 
(NHHP). 

We  call  the  first  baseline  setting  transient  ex 
piratory  assist  pressure  (lliAP)  and  the  sccimd  cikI 
expiratory   pressure   iV.VV)    If   ifie   venliialory    frc 
qucrwy  is  set  to  zero,  we  can  say  that  llie  patient  is  on 
a  constant  baseline  pressure  or  constant  airway  pres- 
sure (C'Al'j 

(     lllllllllllll.il    \  .11  l.llllt  s 

lor  e;u.h   hrealh.   the    ^.crilil.ilor  musi  chrnise   a 
specific  patlcrn  ol  control  .md  phase  variables    The 
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entiUKx  nu>  either  keep  this  punern  cvw5tint  for 
cATh  breath  or  it  nva\  mtrwiuce  txher  pxanems  (e§. 
c»ne  tor  mandator\  anJ  one  for  spontaneous 
breaths  t.  Some  \mtiUtors  are  capaNe  of  c\Mi\ple\ 
pvanems  such  as  r»o  rvpes  of  niandatorx  Iveaths 
(c>ne  normal,  one  sish »  and  rw  o  t>pes  of  spontane- 
cxi>  breaths  teg,  with  tuo  different  pressure  hmitsl 
In  essence,  the  Mutilator  must  'decide'  which  pat- 
tern of  control  and  phase  xanables  to  implenieni 
before  each  breath,  depending  on  the  \  alue  of  sonic 
preset  ci->ndiniv%.2!  »un.iA/«.vi.  A  simple  example 
vkould  be  the  Bennen  MA-1  in  the  control  mode 
Fach  breath  is  tinx^triggered.  llow -limited,  and 
\olume-c>cled.  The  tngger,  flow,  and  \olume  \ar- 
jables  have  preset  \alues  teg,  freqiK-JV)  =  ^1  cy- 
cles^Tnin,  inspirator*  flow  =  bO  L^lriin,  and  tidal 
\olume  =  ""50  niLv  Howexer.  e\^r\  few  minutes  a 
sigh  breath  is  introduced  with  a  ditTerent  set  of 
phase  \anable  \alues  (eg,  tn?quenc>  =  2  sighs  e\ie- 
r\  15  minutes,  tidal  \olume  =  1,500  niL), 

How  did  the  \ enrilator  "know '  to  do  this"*  Con- 
ceptualh.  we  can  sax  that  before-  each  breath  f»at- 
tem  is  selected,  the  \entilator  implements  a  control 
logic  algonthm  made  up  of  if-then  statenientsV  h 
examines  the  \  alue  of  some  cvtnditional  \  anable  to 
see  if  a  prc-sei  thrc-shold  \  alue  has  been  reached.  If 
the  threshold  has  been  met,  then  one  pattern  is  se- 
lected; if  not,  then  another  patiem  is  selected.  In 
the  case  of  the  M.A-l.  the  conditional  variable  is 
rime — once  a  pa^.set  time  mierv  a!  has  elapsed,  the 
ventilator  switches  to  the  sigh  pattern. 

Another  example  is  the  S1M\  vsvnchroni/ed  in- 
termittent mandator)  ventilation i  imxle.  If  the  ven- 
tilator detects  a  patient  elTon  and  the  S1M\  win- 
dow has  not  closed,  then  a  spontaneous  bre-ath  is 
delivered  If  an  elTort  is  not  senseil  and  the  window 
has  closed,  then  a  mandatorv  bre-ath  l^  delivcreM. 
Here  there"  are  two  conditional  variables,  pre^ssure" 
or  flow  1  and  time. 

■^et  another  example  is  the  niandaiorv  minute 
ventilation  mixle.  Here-,  the  conditional  v anable  is 
exhaled  minute  ventilation.  When  minute  ventila- 
tion falls  below  a  pre.set  thre-shold.  the  ventilator 
mav  switch  fa^ni  a  spv^ntanei^us  bre-ath  pattern  to  a 
mandatorv  pattern  leg.  the  Bear  5>  or  it  mav  change 
the  parameters  of  the  spi->ntane(.'>us  bre-ath  (eg,  the 
Hamilton  Veolar  incre-ases  the  pre-ssure-  limit i.  In 
the  future-,  ventilators  mav  be  able  to  switch  pat- 


terns hased  o-  wi  gas  values   Several 

condinv»nal  va;...:  ,-  .  ....:crent  vXViibmativMis  will 
p«\>3uce  a  large  vanetx  of  Nrath  patterns  within 
each  nx>ic 

Figure  0  1.  .  ^,  .  .-V  ,•  .  .- -;  V  >,■;  ..:.v  .  j.,- 
sificatKvn  schc  v  .,■  -v  o:  ...-  .,  g^r  ;s.-  ^le- 
scribiixg  the  events  that  take  place  fnvn  breath  k> 
breath  m  the  ventilator's  control  sxsteni. 

Output  \>avefi>rm> 

.lust  as  the  siuJv  ol  caiduc  .^  -  ;.v  invvMvt^ 
the  stud>  of  electrex-ardiograms  —  ;  ..wi  pres.sure 
waveforms,  the  studx  of  ventilator  operation  re- 
quires the  examination  of  output  waveforms.  The 
w  av  eforms  of  intere.st,  of  course,  a* ,  " .  .  -  /^, 
volume,  and  llow  waveforms  used  .  us 

discus-sion. 

Output  wavefomis  are  graphed  in  gre-»ups  of 
threx-  (Fig.  7i.  The  conventional  ordei  of  pre-senta- 
tion  IS  pres-sure,  volume,  and  llov\  TTus  order  is 
based  on  the  mathematical  cv>nvention  used  for  the 
equation  of  motion,  a  specific  example  of  a  general 
class  of  expressions  called  t'lrst  order  lineai  dif- 
ferential equations.  Ci-mventuvi  also  dictaie,s  that 
positive  values  (aKwf  the  honTivntal  axis)  txw- 
respitnd  to  m.spiranon  and  negative  values  (helow 
the  hon.-onial  axis)  convspond  to  expiration.  The 
horizontal  axes  of  all  thrpe  graphs  are  the  same  and 
hav  e  the  units  of  time.  The  v  enical  axes  are-  m  units 
of  the  measurexl  vanables  (eg,  cm  H-O  for  pres- 
sure). For  the  puqvise  of  identifying  out]vut  wave- 
form.s,  the  specitic  baseline  values  of  each  \ anable 
are-  irre-levant  There-fore-,  the  ongin  of  the  v  enical 
axis  IS  labeled  /ere'*.  What  is  imj-H-inant  is  the  rel- 
ative magnitude  of  each  of  the  vanables  and  how 
the  V  alue  of  one  atTects  or  is  atTecteii  bv  the  v  alue 
of  the  others 

Remember  that  the  waveforms  useil  to  det'me 
categones  of  ventilator  output  are-  idealized  That 
IS.  ihev  are-  previselv  det'ineil  bv  mathematical 
equations  and  are-  meant  to  characten/e  the  opera- 
tion of  the  ventilator's  contrevi  svstem  .■Vs  such, 
ihe\  do  not  show  the  minor  deviations  or  'noise' 
often  seen  in  wavefomis  re-corded  during  actual 
ventilator  use  These  wavelonn  imix-i1ections  can 
be  caused  b>  a  v  ariety  of  factors  such  as  v  ibration 
and  turbulence  .-Mso,  the  appearance  of  the  vsave- 
fonn  is  at'tected  bv  the  scahnc  oi  the  time  axes 
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Fig.  7.  This  figure  illustrates  some  conventions  for  the 
presentation  of  graphic  data.  It  shows  the  theoretical  out- 
put waveforms  for  flow-controlled  inspiration  with  a  pulse 
(le,  rectangular)  flow  waveform.  The  order  of  presenta- 
tion is  pressure,  volume,  and  flow,  according  to  the  order 
specified  by  the  equation  of  motion.  Note  that  the  volume 
waveform  is  the  same  shape  as  the  transthoracic  or  lung 
pressure  waveform  (le.  pressure  due  to  elastic  recoil). 
The  flow  waveform  is  the  same  shape  as  the  transairway 
pressure  waveform  (le,  pressure  due  to  airway  re- 
sistance). If  all  the  pressure  scales  are  the  same,  then 
the  height  of  the  airway  pressure  waveform  at  any  in- 
stant is  the  sum  of  the  heights  of  the  other  two  wave- 
forms as  indicated  by  the  shaded  and  unshaded  portions 
of  the  figure.  The  ongin  of  the  airway  pressure  waveform 
is  the  end-expiratory  pressure:  the  origins  of  the  volume 
and  flow  waveforms  are  both  zero 

No  Nciitilutor  is  ;iii  ideal  controller,  and  \eii- 
tiiators  are  designed  to  only  appro.\iniate  a  par- 
ticular waveform.  Idealized  or  staiuhnd  uaNclorms 
are  nevertheless  helpful  because  they  are  common 
in  other  fields  (eg.  electrical  engineering),  which 
makes  it  possible  to  use  mathematical  procedures 
and  terminology  that  have  already  been  developed. 
For  example,  a  standard  mathematical  equation 
may  be  used  to  describe  the  most  common  \\a\e- 
forms  for  each  control  \ariable.  fhis  known  equa- 
tion may  be  substituted  into  the  equation  of  motion, 
which  is  then  solved  to  obtain  the  equations  of  the 
other  two  variables.  Once  the  equations  for  pres- 
sure, volume,  and  flow  are  known.  lhe\  are  easiK 
graphed.  This  is  the  process  used  to  generate  the 
graphs  in  Figure  7. 


\  entilator-.Marm  Systems 

Like  man\  thmgs,  alarms  ha\e  increased  m 
number  and  complexity.  Fortunately,  the  system 
we  ha\e  been  using  to  classity  \entilators  is  easily 
adaptable  for  the  functional  classitication  of 
alarms.  Day  and  Maclntyre'~  have  stressed  that  the 
goal  of  ventilator  alarms  is  to  warn  of  e\ents.  They 
define  an  event  as  any  condition  or  occurrence  that 
requires  clinician  awareness  or  action,  fichniccil 
cvi'iiis  are  those  iiuohing  an  inadxertent  change  in 
the  seniilaior's  performance:  patient  events  are 
those  iinoKing  a  change  in  the  patient's  clinical 
status  that  can  be  detected  b\  the  ventilator.''  A 
ventilator  ma\  be  equipped  with  any  conceivable 
vital  sign  monitor,  so  we  need  to  specify  the  ap- 
propriate scope  of  surxeillance.  The  most  logical 
scope  would  include  the  ventilator's  mechanical/ 
electronic  operatit)n.  and  those  variables  associated 
with  the  mechanics  of  breathing  (ie,  pressure.  \(il- 
umc.  How.  and  time).  Because  the  ventilator  is  ui 
iiilimale  contact  with  exhaled  gas.  it  seems  ap- 
propriate to  include  the  analysis  of  exhaled  oxygen 
and  carbon  ilioxide  concentrations  as  possible  var- 
iables to  monitor.  Other  devices,  such  as  hemo- 
dynamic and  cardiac  monitors,  and  pulse  oximeters 
seem  less  appropriate  for  inclusion  in  v  entilator  de- 
sign. 

Alarms  mav  be  audible,  visual,  or  both,  de- 
pending upon  the  seriousness  of  the  alarm  condi- 
tion. Visual  alarms  may  be  as  simple  as  colored 
lights  or  may  be  as  complex  as  alphanumeric  mes- 
sages to  the  operator  indicating  the  exact  nature  of 
the  fault  condition.  .Specifications  for  an  alarm 
event  should  include  ( 1 )  conditions  that  trigger  the 
alarm:  (2l  ihc  alarm  response  in  the  form  of  audible 
and/or  visual  messages;  (3)  any  associated  ven- 
tilator response  such  as  termination  of  inspiration 
or  failure  to  operate:  and  (4)  an  indication  that  the 
alarm  must  be  manuallv  reset  or  resets  iiself  when 
the  alarm  condition  is  rectified. 

Input  Power  .Alarms:  Electric  Power  Loss — Most 
ventilators  have  some  sort  of  battery  backup  in  the 
case  of  electrical  power  failure,  even  if  the  batteries 
onlv  power  alarms.  X'entilators  tvpicallv  have 
alarms  that  are  activated  if  the  electrical  power  is 
cut  off  wlnle  the  machine  is  still  switched  on  (eg.  if 
the  power  cord  is  accidentallv   pulled  out  of  the 
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wall  socket).  If  the  ventilator  is  designed  to  operate 
on  batter)  power  (eg,  transport  \entilators),  an  alarm 
is  usually  present  to  warn  of  low-battery  conditions. 

Input  Power  Alarms:  Pneumatic  Power  Loss — 

Ventilators  that  use  pneumatic  power  have  alarms 
that  are  activated  if  either  the  oxygen  or  air  supply  is 
cut  off  or  reduced  below  some  specified  driving 
pressure.  In  some  cases,  the  alarm  is  acti\  ated  by  an 
electronic  pressure  switch  (eg,  Bennett  7200)  but  in 
others,  the  alarm  is  pneumatically  operated  as  a  part 
of  the  blender  (eg.  Siemens  Servo  900C). 

Control  Circuit  Alarms — Control  circuit  alarms 
are  those  that  either  warn  the  operator  that  the  set 
control- variable  parameters  are  incompatible  (eg. 
inverse  I-E  ratio)  or  indicate  that  some  aspect  of  a 
ventilator  self-test  has  failed.  In  the  latter  case, 
there  may  something  wrong  with  the  ventilator 
control  circuitry  itself  (eg.  a  microprocessor  fail- 
ure) and  the  ventilator  generally  responds  with 
some  generic  message  like  Ventilator  Inoperative. 

Output  .\larms — Output  alanns  are  those  that  are 
triggered  by  an  unacceptable  state  of  the  ven- 
tilator's output.  More  specifically,  an  output  alarm 
is  activated  when  the  value  of  a  control  variable 
(pressure,  volume,  flow,  or  time)  falls  outside  an 
expected  range.  Some  possibilities  include 

Output  Alarms — Pressure:  Pressure  alamis  may 
be  available  for  the  following  conditions: 

High  and  low  peak  ainvay  pressure  in- 
dicating a  possible  endotracheal  tube  obstruc- 
tion or  leak  in  the  patient  circuit,  respectively. 

High  and  low  mean  airway  pressure  in- 
dicating a  possible  leak  in  the  patient  circuit 
or  a  change  in  ventilatory  pattern  that  might 
lead  to  a  change  in  the  patient's  oxygenation 
status  (ie,  within  reasonable  limits,  oxy- 
genation is  roughly  proportional  to  mean  air- 
way pressure). 


Failure  of  aim  ay  pressure  to  return  to  base- 
line within  a  specified  period  indicating  a  pos- 
sible patient-circuit  obstruction  or  exhalation- 
manifold  malfunction. 

Output  Alarms:  Volume — High  and  low  exhaled 
tidal  volume  indicating  changes  in  respiratory  sys- 
tem time  constant  during  pressure-controlled  ven- 
tilation or  possible  disconnection  of  the  patient 
from  the  patient  circuit. 

Output  Alarms:  Flow — High  and  low  exhaled 
minute  ventilation  indicating  hyperventilation  (or 
possible  machine  self-triggering)  and  possible  ap- 
nea or  disconnection  of  the  patient  from  the  patient 
circuit,  respectively. 

Output  Alarms — Time:  Time  alarms  may  be 
available  for  the  following  conditions. 

High  or  low  ventilatory  frequency  indicating 
hyperventilation  (or  possible  machine  self- 
triggering)  and  possible  apnea,  respectively. 

Inspiratory  time  too  long  or  too  short:  In- 
spiratory time  too  long  indicates  a  possible 
patient  circuit  obstruction  or  exhalation  man- 
ifold malfunction.  Inspiratory  time  too  short 
indicates  that  adequate  tidal  volume  may  not 
be  delivered  (in  a  pressure-controlled  mode) 
or  that  gas  distribution  in  the  lungs  may  not 
be  optimal. 

Expiratory  time  too  long  or  too  short:  Ex- 
piratory time  too  long  may  indicate  apnea. 
Expiratory  time  too  short  may  warn  of  ah'eo- 
lar  gas  trapping  (ie,  expiratory  time  should  be 
>  five  time  constants  of  the  respiratory  sys- 
tem). 

Output  Alarms — Inspired  Gas:  Inspired  gas 
alarms  may  be  available  for  higli/low  inspired  gas 
temperature  and  higli/low  F102. 


High  and  low  baseline  pressure  (PEEP  or 
CPAP)  indicating  a  possible  patient-circuit  or 
exhalation-manifold  obstruction  (or  inadver- 
tent PEEP)  and  disconnection  of  the  patient 
from  the  patient  circuit,  respectively. 


Output  Alarms — Expired  Gas:  Because  ven- 
tilators are  designed  to  control  the  mechanical  re- 
sults of  exhalation,  they  may  be  easily  adapted  to 
the  analysis  of  exhaled  gas  composition  and  alarms 
may  be  set  for  specific  parameters. 
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Exhaled  Carbon  Dioxide  Tension:  End  tidal 
carbon  dioxide  monitoring  may  reflect  arterial 
carbon  dioxide  tension  and  thus  indicate  the 
level  of  ventilation.  Mean  exhaled  carbon  di- 
oxide tension  and  minute  \cntilalioii  measure- 
ments could  pro\ide  intormatitin  about  car- 
bon dioxide  production  and  allow  calculation 
of  the  respiratory  exchange  ratio  and  dead- 
space-to-tidai- volume  ratio. 

Exhaled  Oxygen  Tension:^^  Analysis  of  end- 
tidal  and  mean  exhaled  oxygen  tension  may 
provide  information  about  gas  exchange  and 
could  be  used  with  CO2  data  to  calculate  the 
respiratory  exchange  ratio. 

How  To  Speak  Machine  Language 

A  successful  classification  scheme  should  easily 
accommodate  the  differing  needs  and  interests  of 
its  intended  audience.  An  administrator  may  need 
to  knou  only  where  and  for  what  type  of  patient 
the  \entilator  can  be  used  (making  the  input  power, 
and  control  \ariables  impintanl).  In  addition  to  this 
iiilormatioii.  the  clinician  wants  to  know  how  the 
ventilator  is  operated  (making  phase  variables  and 
output  characteristics  of  interest).  The  student,  ed- 
ucator, or  researcher  may  need  to  understand  the 
internal  workings  of  the  \entilator  (requiring  a 
knowledge  of  dri\'e  mechanism,  compressor  motor/ 
linkage,  output  control  valves,  and  control  var- 
iables/waveforms). Certainly,  the  manufacturer's 
representatives  should  be  conversant  with  all  of 
this  information  and  be  able  to  provide  it  to  inter- 
ested parties.  The  classification  system  presented 
here  is  designed  to  meet  these  needs  in  a  logical. 
consistent,  and  unambiguous  manner.  Let  us  ex- 
plore some  ways  that  it  can  be  used  to  com- 
municate ideas  in  ventilator  lingo. 

The  average  clinician  needs  to  describe  very  lit- 
tle about  a  ventilator  during  the  course  of  the  daily 
routine.  Hence,  the  terms  volume  ventilator  and 
pressure  ventilator  are  often  heard,  referring  to  ven- 
tilators that  allow  a  preset  inspiratory  pressure  or  ti- 
dal volume,  respectively.  Confusion  quickly  arises, 
however,  when  one  attempts  to  describe  how  a  ven- 
tilator operates,  especiall>  w  hen  speaking  to  .some- 
one who  has  little  experience  with  the  subject. 
Terms  like  pressure  generator  or  W^w  generator  are 


often  used  but  may  be  ambiguous  because  all  ven- 
tilators generate  pressure,  \olume,  and  flow  all  at 
once.  The  idea  one  would  like  to  convey  is  that  a 
ventilator  controls  a  particular  \  ariable;  hence,  the 
terms  pressure-controller,  volume-controller,  and 
flow-controller  are  more  specific. 

The  outline  approach  to  classification  lends  itself 
to  varying  degrees  of  detail.  For  example,  a  simple 
description  of  an  Emerson  Iron  Lung  is  an  electri- 
cally powered  negative-pressure-controller  that 
produces  a  sinusoidal  pressure  waveform.  A  more 
detailed  description  adds  that  it  is  titne-triggered, 
time-cycled,  provides  no  baseline  pressure  control, 
and  uses  an  electrically  controlled  drive  mechanism 
consisting  of  an  diaphragm,  rotating  crank,  and 
connecting  rod  driven  by  an  electric  motor.  It  oper- 
ates in  the  control  mode  only  and  has  no  alarms. 

A  simple  description  of  a  more  complex  \en- 
tilator  like  the  Bennett  7200  is  an  electrically  pow- 
ered pressure-  or  flow -controller.  A  more  detailed 
description  includes  time-,  pressure-,  flow-,  or 
manuall) -triggered;  pressure-  or  volume-limited: 
time-,  volume-,  or  flow-cycled;  controls  baseline 
pressure  (PEEP/CPAP);  and  uses  an  electronic  (mi- 
croprocessor) control  circuit  and  a  dri\e  mech- 
anism/output control  valve  consisting  of  a  pressure 
regulator  and  proportional  vahe  w ith  a  pneumatic 
diaphragm  exhalation  manifold  \al\e.  One  can  go 
on  and  list  the  multitude  of  operating  modes  and 
alarms.  Needless  to  say.  the  more  complicated  the 
ventilator,  the  more  invoked  the  description. 

Perhaps  more  commonly,  clinicians  need  to  refer 
to  a  mode  of  ventilation  rather  than  to  a  specific 
ventilator  per  se.  The  most  general  terms  seem  to 
be  Nolume-controllcd  \ersus  pressure-controlled 
\entilation.  fhe  term  pressure-controlled  \entila- 
tion  should  cause  no  problems  but  the  use  of  vol- 
ume-controlled ventilation  may  be  confusing.  A 
strict  interpretation  of  the  classification  system  pre- 
sented in  this  discussion  would  require  a  distinction 
between  \olume-controllod  and  flow-ct)ntrolled 
modes.  Howe\er.  in  the  interest  of  con\eniciicc.  the 
term  \  olume-controlled  should  be  acceptable  for 
both.  Any  breath  that  is  directly  flow -controlled  is 
indirectly  volume-controlled,  and  vice  versa.  (But, 
when  describing  a  specific  ventilator  rather  than  a 
mode  of  \entilation.  \(Ui  should  make  the  dis- 
tinction between  \olume  and  flow  control.)  More 
information  afioul  the  mode  of  ventilation  can  be 
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con\eyed  by  stating  the  control  and  phase  \ aiiahles 
tor  mandati)ry  and  spontaneous  breaths.  In  fact, 
you  can  communicate  most  of  the  important  in- 
formation b\  Just  specifying  the  phase  variables  for 
the  mandatory  and  spontaneous  breaths.  For  ex- 
ample, a  description  of  SIMV  with  pressure  sup- 
port might  be  that  mandatory  breaths  are  time-or 
pressure-triggered,  flow-limited,  and  time-cycled; 
spontaneous  breaths  are  pressure-triggered,  pres- 
sure-limited, and  tlow-cycled.  What  more  do  you 
need? 

Use  of  this  system  may  seem  uncomfortable  at 
first,  especially  to  those  who  are  already  ac- 
customed to  some  other  system.  Yet.  if  the  basic 
ideas  are  learned,  the  rest  is  easy.  It  is  similar  to  the 
game  of  checkers — only  a  few  simple  rules  but  an 
almost  infinite  variety  of  playing  strategies  and  tac- 
tics. But  if  two  people  playing  the  game  do  not 
knt)v\  and  use  the  same  set  of  rules,  confusion  and 
conflict  result.  To  carry  the  checker-game  analogy 
further,  the  person  who  sees  the  similarity  of  posi- 
tional patterns  is  much  more  likely  to  be  successful 
at  the  game  than  the  player  w  ho  sees  each  position 
as  different  and  unique.  In  the  same  way.  the  cli- 
nician who  .sees  the  similarity  of  design  features 
and  applies  the  same  operational  definitions  to  all 
ventilators  more  easily  understands  ventilators  and 
modes  of  ventilation  than  does  the  clinician  who 
tries  to  memorize  endless  lists  of  different  features. 
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Introduction 

Mechanical  ventilation  is  frequently  required  to 
support  patients  in  respiratory  failure.  Although  the 
goals  of  mechanical  ventilation  are  fairly  con- 
sistent, a  variety  of  techniques  and  a  seemingly 
never-ending  array  of  devices  are  applied  to  attain 
those  goals.  In  this  regard,  mechanical  ventilation 
is  much  more  a  practiced  art  than  a  science. 

Nowhere  is  this  more  evident  than  in  the  cli- 
nician's choice  of  mode  of  operating  the  ventilator. 
Each  mode  has  its  staunch  supporters  and  its  equal- 
ly determined  detractors.  No  group  seems  to  under- 
stand the  approach  of  another  and  most  fail  to  re- 
alize that  experience  and  skill  with  a  specific  mode 
are  probably  the  single  greatest  determinants  of 
success  with  that  mode.  Further,  the  number  of 
available  operational  modes  has  tripled  in  the  past 
12  years,  and  considerable  confusion  exists  re- 
garding labeling  and  function. 

In  this  paper  we  review  the  currently  available 
modes,  their  terminology,  and  their  function  in 
light  of  the  classification  system  proposed  by  Chat- 
burn.'  Following  these  descriptions,  we  present  ev- 
idence that  suggests  that  considerable  repetition  ex- 
ists in  names  and  descriptions  of  operational 
modes.  When  repetition  and  overlap  are  eliminated, 
the  proliferation  of  names  becomes  unnecessary — 
only  two  mutually  exclusive  modes  remain. 

Concepts 

According  to  Chatbum.  a  mode  can  be  classified 
based  upon  control,  phase,  and  conditional  var- 
iables.' 

Control  Variables 

A  control  variable  is  the  variable  (ie,  pressure, 
volume,  flow,  or  time)  that  the  ventilator  manip- 
ulates to  cause  inspiration.  A  control  variable  is 
identified  by  the  fact  that  its  behavior  remains  con- 
stant despite  changes  in  ventilatory  load  (ie.  despite 
changes  in  compliance  and  resistance  of  the  patient 
or  model,  the  ventilator  'sacrifices"  all  other  preset 
variables  to  keep  the  control  variable  constant). 

Phase  Variables 

Phase  variables  are  variables  (eg,  pressure,  vol- 
ume, flow,  and  time)  that  are  measured  and  used  to 


initiate  some  phase  of  the  ventilatory  cycle.  These 
include  trigger,  limit,  and  cycle. 

Trigger — The  trigger  variable  causes  inspiration  to 
begin.  For  instance,  when  the  patient  creates  an  in- 
spiratory effort,  causing  pressure  in  the  circuit  to 
fall  below  the  sensitivity  setting,  inspiration  is  said 
to  be  pressure-triggered.  Of  course,  inspiration  can 
be  flow-  or  volume-triggered  as  well.  In  any  of 
these  three  cases,  we  can  also  say  that  the  mode  is 
patient-triggered.  If  inspiration  is  time-triggered, 
then  we  can  say  that  inspiration  is  machine- 
triggered.  The  distinction  between  patient-triggered 
and  machine-triggered  is  a  simpler  and  perhaps 
more  easily  used  description.  However,  under- 
standing the  variable  used  to  trigger  inspiration  is 
necessary  for  a  complete  understanding  of  how  a 
particular  ventilator  operates  in  the  specified  mode. 
For  instance,  the  Puritan-Bennett  7200ae  can  oper- 
ate in  what  we  currently  call  the  synchronized  in- 
termittent inandatory  ventilation  (SIMV)  mode, 
using  either  flow-  or  pressure-triggering  of  spon- 
taneous (patient-triggered)  breaths.-  The  variable 
used  for  triggering  does  not  change  the  mode  of  op- 
eration, it  remains  SIMV. 

Limit — The  limit  variable  is  the  variable  (pressure, 
volume,  or  flow)  with  a  preset  maximum  value  dur- 
ing an  assisted  inspiration.  When  the  limit  variable 
is  met,  inspiration  is  not  terminated.  For  instance, 
during  pressure  support  ventilation  (PSV).  a  pres- 
sure limit  is  selected,  but  even  after  this  level  is 
met,  inspiration  continues  until  attainment  of  a  pre- 
determined flowrate  or  percentage  of  initial  flow- 
rate  causes  inspiration  to  be  terminated. 

Cycle — The  cycle  variable,  when  reached,  termi- 
nates inspiration.  During  PSV,  inspiration  is  flow- 
cycled  when  the  inspiratory  flowrate  decays  to  a 
preset  minimum  flow  or  percentage  of  initial  flow- 
rate.  Previous  classification  systems  have  used  the 
term  cycle  to  describe  both  initiation  and  termina- 
tion of  inspiration  (ie,  "cycle  on"  and  "cycle  off). 
This  can  be  confusing  and  leads  to  circumstances 
in  which  a  mode  is  described  as  both  patient-  and 
volume-cycled. 

Conditional  Variables 

Conditional  variables  are  those  variables  that, 
alone  or  in  combination,  are  examined  by  the  ven- 
tilator's control  logic.  The  status  of  the  conditional 
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yes 

Does  inspiration 

start  because  a  preset 

flow  is  detected' 


Inspiration  is 
Pressure  Limited 

Inspiration  is 
Volume  Limited 

Inspiration  is 
Flow  Limited 

1 

1 

" 

il 

yes 

yes 

yes 

Does  peak  pressure 

reach  preset  value 

before  inspiration  ends? 


no 


Does  peak  volume 

reach  preset  value 

before  inspiration  ends? 


Does  peak  flow 

reach  preset  value 

before  inspiration  ends? 


Inspiration  is 
Time  Triggered 

II 


Inspiration  starts 
because  a  preset  time 
interval  has  elapsed. 


No  variables 

are  limited 

during  inspiration 


Inspir 

Pressun 

ation  is 
s  Cycled 

I 

Inspir 

Volume 

ation  Is 
Cycled 

I 

Inspiration  is 

Row  Cycled 

Inspiration  is 

Time  Cycled 
A 

yes 

yes 

yes 

Does  insp 

end  becau 

pressure 

ratory  flow 

se  a  preset     — • 

s  attained 

Does  insp 

»-      end  becau 

volume  is 

ratory  flow       "< 
se  a  preset    — • 
attained' 

'         Does  inspiratory  flow 
*-      end  because  a  preset 

flow  IS  attained' 

"°          Inspiration  ends 
— »-   because  a  preset  time 
interval  has  elapsed. 

Fig.  1 .  Criteria  for  determining  the  pliase  variables  during  a  ventilator-supported  breatfi.  (Reprinted  from  Reference  1 . 


\ariablc  cleteniiincs  wliicli  o\  two  or  more  breath 
types  is  deli\ered.  For  instariee.  in  tiie  niaiidalory 
minute  ventilation  mode  (MMV)  of  the  Bear  5  ven- 
tilator. PSV  ean  be  provided:  but  if  a  set  minute 
\entilation  (\fe)  is  not  reached,  a  mandatory  brealii 
is  deh\ered.'  In  this  case.  Vi  is  the  conditional  \ar- 
iable  that  determines  the  type  of  breath  to  be  de- 
li\ered.  pressure-suppoiled  or  mandatory.  Condi- 
tional variables  are  alst)  important  in  the  SI.\I\ 
mode,  m  which  I  based  on  a  liminLi  window  and  pa- 
tient inspiratory  etfort)  the  \entilator  deli\ers  either 
a  pressure-triggered  (patient)  or  lime-triggered 
(machine)  breath.  In  this  instance,  time  ami  palienl 
effort  are  the  coiKlilioiial  \ariables  used  to  de- 
termine triggering. 

A  mode.  then,  according  to  this  scheme,  is  a  spe- 
cific combination  of  control,  phase,  and  conditional 
variables  defined  ft)r  both  mandatory  and  spontane- 
ous breaths.'  An  algorithm  for  determining  trigger, 
limit,  and  cycle  variables  is  shown  in  Figure  1. 


Mandatory  vs  Spontaneous  Breaths 

Another  important  concept  is  differentiation  be- 
tween mandatory  and  spontaneous  breaths. 

Mandatory  Breath — a  inachiiie-supported  breath 
that  IS  either  initiated  or  terminated  by  the  \en- 
lilaiiir  rather  than  h\  the  patient's  ph\siology  or 
ventilatory  drive.  This  means  that  an\  breath  that  is 
time-triggered  and/or  time-c\cled  is  a  mandatory 
breath. 

Spontaneous  Breath — either  an  uiisuppoiied  breath 
or  a  machinc-suiiporlcd  breath  that  is  both  patient- 
initiated  and  palient-tcrmmalcd. 

Understanding  this  ditferentiation  is  critical  to 
further  discussion  of  specific  modes.  This  dif- 
ferentiation suggests  that  all  breaths  in  the  PSV 
mode  are  spontaneous,  whereas  breaths  triggered 
by  the  patient  m  the  assist/control  mode  are  man- 
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Table  1 .    Expanded  Classification  of  Modes  of  Ventilator  Operation 


Mode 


Mandatory  Breath 


Spontaneous  Breath 


Control      Trigger       Limit         Cycle         Control       Trigger       Limit       Cycle     Supported 


Control  Logic 

Conditional 
Variable  Action 


CMV 


Pressure. 

Time 

Pressure, 

Time, 

volume. 

volume. 

pressure 

or  flow 

or  flow 

volume, 
or  flow 

Aye 


AMV 


IMV 


SIMV 


CPAP 


PCV 


Pressure,    Time.  Pressure.  Time.  —  —  —  —  — 
volume,      pressure,  volume,  pressure, 
or  flow       volume,  or  flow  volume, 
or  tlou  or  flow- 
Pressure.    Pressure.  Pressure,  Time,            —                —               —              —  — 
volume,      volume,  volume,  pressure, 
or  flow       or  flow  or  flow  volume, 

or  flow 

Pressure.    Time  Pressure,    Time,  Pressure       Pressure,     Pressure   Pressure       No 

volume,  volume,      pressure.  volume, 

or  tlow  or  flow       volume.  or  flow 

or  flow 


Pressure.    Time.  Pressure.  Time,         Pressure 

volume,      pressure,  volume,  pressure, 

or  flow       volume,  or  flow  volume, 

or  flow  or  flow 

—            —                —  —  Pressure 


Pressure,     Pressure    Pressure       No 

volume, 

or  flow 


Pressure, 
volume, 
or  flow 


Pressure   Pressure       No 


Time  or  Machine- 

patient  effort    to-patient 
triggered 


Time  or 
patient  effort 


Machine- 
to-patient 
triggered 


Pressure     Time 


Pressure     Time 


PC-IMV    Pressure     Time 


PC-SIMV    Pressure     Time, 

pressure, 
volume, 
or  flow 

PCIRV       Pressure     Time 


APRV 


PSV 


Pressure     Time  or 
pressure 


MMV        Volume      Time 
or  flow 


VAPS 


Pressure     Time 


Pressure     Time 


Pressure     Time 
Pressure     Time 


Volume      Time, 
or  flow       volume, 
or  flow 


Pressure 


Pressure 


Pressure, 
volume, 
or  flow 

Pressure, 
volume, 
or  flow 


Pressure   Pressure       No 


Pressure   Pressure       No 


Pressure 

Pressure      Pressure,     Pressure   Pressure       No 
volume, 
or  flow 

Pressure      Pressure,     Pressure  Volume       Yes 
volume, 
or  tlow 

Pressure      Pressure,     Pressure   Pressure       Yes* 
volume,  or  volume 

or  tlow 


Pressure,      Pressure,     Pressure   Pressure,      Yes* 
volume,       volume,  volume, 

or  flow         or  flow  or  flow 


Time  or 
patient  effort 


Time  or 
patient  effort 


Machine- 
to-patient 
triggered 


Machine- 
to-patient 
triggered 


Minute 

Spontan- 

ventilation. 

eous  to- 

time 

mandatory 

breath 

Tidal 

Pressure- 

volume 

to-volume 

control 

BiPAP       Pressure     Time 


Pressure     Time 


Pressure       Pressure      Pressure   Pressure       No 


*CMV  =  continuous  mandatory  ventilation;  NA  =  not  applicable:  A/C  =  assist/control;  AMV  =  assisted  mechanical  ventilation;  IMV  =  intermittent  man- 
datory ventilation;  SIMV  =  synchronized  mandatory  ventilation;  CPAP  =  continuous  positive  airway  pressure;  PCV  =  pressure-controlled  ventilation;  PC- 
IMV  =  pressure-controlled  IMV;  PCIRV  =  PC  inverse-ratio  ventilation;  APRV  =  airway  pressure  release  ventilation;  PSV  =  pressure  support  ventilation; 
MMV  =  mandatory  minute  ventilation;  VAPS  =  volume-assisted  pressure  support;  BiPAP  =  bilevel  positive  airway  pressure. 
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Observation 

and 

previous 

knowledge 


Breath  is 
Mandatory 


Is  inspiration 

initiated 

by  the  patient's 

ventilatory  dnve? 


yes 


Is  inspiration 
terminated 
by  the  patient's  " 
lung  mechanics 

or 
ventilatory  drive? 


yes 


Breath  is 
'  Spontaneous 


Fig.  2.  Algorithm  defining  spontane- 
ous and  mandatory  breaths,  if  the 
breath  is  triggered  according  to  a  pre- 
set frequency  or  minute  ventilation  or 
cycied  according  to  a  preset  fre- 
quency or  tidal  volume,  the  breath  is 
mandatory.  All  other  breaths  are 
spontaneous. 


datory.  A  spontaneous  bivatii  can  be  one  of  lv\o 
types.  Unsupported  spontaiieiuis  breaths  are  those 
to  which  the  \entilalt)r  does  not  add  positi\e  pres- 
sure (eg.  during  CPAP).  Supported  spontaneous 
breaths  are  breaths  that,  although  initiated  and  ter- 
minated by  the  patient,  receive  positive  pressure 
from  the  ventilator  to  increase  their  volume  (eg. 
during  PSV).  F'igure  2  depicts  the  algorithm  for  de- 
termining maiidator\  \s  spontaneous  breaths. 


This  mode  is  often  called  assist/control.  On  man_\ 
\entilators.  C\\\  aiul  assist/control  are  the  same, 
the  onl\  difference  being  the  sensiti\  it\  setting.  For 
instance,  with  the  Hamilton  Veolar.  it  the  C.\l\' 
nwde  is  desired,  the  sensitivity  control  is  dialed  to 
its  least  sensitive  position  (-20  cm  HjjO).'*  Oth- 
erwise, patient-triggering  is  possible.  (Of  course,  it 
would  be  wise  to  sedate  and  paral)/.e  the  patient  in 
this  situation.) 


Analysis  of  Current  \  entilator  Modes 

Controlled  Mechanical  \  entilation  (CM\  I 

Detlnitiun — Controlled  mechanical  ventilatii)n  is  a 
inode  of  ventilator  operation  in  which  all  breaths 
are  delivered  by  the  \entilator  at  a  preset  frequency 
(f).  volume  or  pressure,  and  inspiratory  Oowrate 
(V).  Patient-triggering,  via  any  variable,  is  not  pos- 
sible. 

Other  Terms — The  CMV  abbreviation  has  been 
Lised  for  continuous  mechanical  ventilatit>n.  con- 
tinuous mandatory  \ entilation.  controlled  mechan- 
ical ventilation,  and  controlled  mandator\  \ entila- 
tion.^ Interestingl\.  authors  have  preserved  the 
abbreviation  while  choosing  its  meaning  hap- 
ha/aidlv.  CMV  is  also  Irequentlv  called  volume- 
controlled  ventilation  (VCVl  or  jusi  simplv  control 
mode  (no  abbreviation j.'^^ 

Manufacturers'  Terms — Currentlv  available  me- 
chanical ventilators  refer  to  CMV  as  CMV  Assist- 
Control.  Control.  Volume-Control,  and  a  host  of 
others.  In  some  cases,  this  mode  strictly  adheres  to 
the  above  definition,  but  in  others  the  patient  is  al- 
lowed to  trigger  mandatt)r}  breaths  by  exceeding 
the  How-,  volume-,  or  pressure-sensitivity  setting. 


Chatburn's  Classification — Using  the  schema 
described  bv  Chatburn.  CMV  is  classified  as  vol- 
ume-/tlow-  or  pressure-controlled;  time-triggered; 
volume-,  pressure-,  or  How -limited:  and  vdlume-. 
pressure-.  How-,  or  lime-cycled  (Table  1 ).  All 
breaths  are  mandatory  breaths  (Fig.  .^).  Simplifying 
this  bv  subsiiuiting  the  more  generic  terms.  CMV 
IS  pressure  or  volume-tlow  controlled:  machine- 
triggered:  and  machine-cycled  (Table  2).  It  should 
be  obvious  to  the  reader  at  this  point  that  con- 
vening the  message  that  the  patient  is  "on  CMV" 
fails  to  describe  the  mode  of  operation.  Depending 
on  the  ventilator  used  and  local  practice,  CMV 
could  mean  that  mandatory  breaths  are  pressure-  or 
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Fig.  3.  F\ovj.  volume,  and  pressure  waveforms  for  what  is 
commonly  referred  to  as  CMV  The  suggested  term  for 
this  mode  is  volume-controlled,  continuous  mandatory 
ventilation,  machine-tnggered. 
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Table  2.    Simplified  Classification  of  Modes  of  Ventilator  Operation 


Mandator)'  Breath 


Spontaneous  Breath 
Supported 


Control  Logic 


Conditional  Variable 


Action 


CMV*      Pressure,    Machine      Machine 
volume, 
or  flow 


NA 


A/C  Pressure.    Machine     Machine 

volume,     or 
or  flow       Patient 


NA 


Time  or  patient  effort 


Machine-to-patient 
triggered 


AMV 


Pressure.    Patient 

volume. 

or  flow 


Machine 


NA 


IMV  Pressure.    Machine     Machine 

volume, 
or  flow 


No 


SIMV 


CPAP 


Pressure.    Machine     Machine 
volume,      or 
or  flow       patient 


No 


No 


Time  or  patient  effort 


Machine-to-patient 
triggered 


PCV 

Pressure 

Machine 

Machine 

NA 

PC-IMV 

Pressure 

Machine 

Machine 

No 

PC-S1M\' 

Pressure 

Machine 

or 

patient 

Machine 

No 

PCIRV 

Pressure 

Machine 

Machine 

NA 

APRV 

Pressure 

Machine 

Machine 

No 

PSV 

— 

— 

— 

Yes 

MMV 

Pressure, 
volume, 
or  flow 

— 

Machine 

Vest 

Time  or  patient  effort 


Minute  ventilation 
and  time 


Machine-to-patient 
triggered 


Spontaneous-to- 
mandatory  breath 


VAPS 


Yes 


Tidal  volume 


Pressure-to-volume  control 


BiPAP       Pressure     Machine     Machine 


No 


*CMV  =  continuous  mandatory  ventilation;  NA  =  not  applicable;  A/C  =  assist/control;  AMV  =  assisted  mechanical  ventilation;  IMV  =  intermittent  man- 
dators- ventilation;  SIMV  =  synchronized  mandator)'  ventilation;  CPAP  =  continuous  positive  airway  pressure;  PCV  =  pressure-controlled  ventilation; 
PC-IMV  =  pressure-controlled  IMV;  PCIRV  =  PC  inverse-ratio  ventilation;  APRV  =  airway  pressure  release  ventilation;  PSV  =  pressure  support  ven- 
tilation; MMV  =  mandator,  minute  ventilation;  VAPS  =  volume-assisted  pressure  support;  BiPAP  =  bilevel  positive  airway  pressure. 

t  Optional. 


volume-controlled;  patient-  (using  any  of  the  pos- 
sible variables)  and/or  machine-triggered;  pressure-, 
volume-,  or  flow-limited:  and  time-,  flow-,  vol- 
ume-, or  pressure-cycled.  Of  course,  one  could  take 


consolation  in  the  fact  that,  at  least,  the  breaths  are 
all  machine-cycled.  Thus,  we  believe  that  the  term 
CMV,  as  currently  used,  is  inadequate  to  describe 
the  ventilator's  operation. 
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Assist/Control  \  intilation  (A/C) 

Detlnition — Assist/control  \cnlilalu>ii  iA/C)  is  a 
mode  ol'  ventilator  operation  in  uhicli  mandatory 
breaths  are  deli\ered  at  a  set  f.  pressure  or  \()!ume, 
and  inspirator)  tlou .  Between  machine-initiated 
breaths,  the  patient  ean  trigger  the  ventilator  and  re- 
ceive a  mandatory  breath  at  the  volume  or  pressure 
set  on  the  ventilator/"  Machine-  and  patient- 
triggered  breaths  are  delivered  using  the  same  limit 
and  cycle  \  ariables. 

Other  Terms — Assist/control  ventilation  has  been 
described  in  the  literature  as  assisted  mechanical 
Ncntilalion  (AMV).  assisted  ventilation,  and  CMV 

w  ilh  assist. 

Manufacturers'  Tcrm.s — Many  ventilators  use  the 
term  CMV  to  describe  assist/control,  the  only  dil- 
terence  being  the  pt)sition  of  the  sensitivity  setting. 
Other  terms  include  assist-control  and  \olume  con- 
trol. 

Chatburn's  Classification — Regardless  of  the  ter- 
miniilogy  used,  A/C  is  described  as  pressure-  or 
\olume-controlled:  time-,  pressure-.  How-,  or  vol- 
Lunc-triggered:  prcssuie-.  How-,  or  \olume-limitcd: 
and  How-,  volume-,  pressure-,  or  time-cycled  (Ta- 
ble 1 ).  Again,  it  is  ob\  ious  that,  although  a  group 
of  clinicians  uith  similar  training  understand  what 
the  term  A/C  indicates,  the  term  is  too  imprecise  to 
conve\  real  meaning.  Using  the  simplified  version. 
A/C  can  he  described  as  pressure-  or  volume-/no\v- 
controlled;  machine-  ami  |iaticnt-triggered:  and  ma- 
chine-cycled. All  breaths  are  referred  to  as  man 
datory  breaths  (Fig.  4). 

A.ssisted  Mechanical  \  entilation  (  \M\  I 

Deniiition — AMV  is  a  proposed  \ersion  of  A/C  in 
which  there  is  no  set  fre(.|uency^  (ie.  all  breaths 
are  patient-triggered  and  deli\ercd  at  (he  ven- 
tilator's set  tidal  volume  or  pressure). 

Other  Terms — Ihc  piuc  torm  of  AMV.  without  a 

set  backu|i  ra(c.  is  no(  olicn  uscii  or  discussed.  The 
term  assisted  ventilation  has  been  used  but  fre- 
quently alluties  to  A/C. 
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Fig.  4,  Flow,  volume,  and  pressure  waveforms  for  what  Is 
commonly  referred  to  as  A/C.  The  difference  between 
the  CMV  and  NO,  waveforms  is  In  the  negative  pressure 
deflections  prior  to  breath  delivery.  The  suggested  term 
for  this  mode  Is  volume-controlled,  continuous  man- 
datory ventilation,  combined  trigger.  Combined  trigger 
means  mandatory  breaths  can  be  both  machine-  and  pa- 
tient-triggered. 

Manufacturers"  Terms — To  our  knowledge,  no 
manufacturer  labels  a  mode  of  operation  as  only 
Assist.  AMV  coLild  be  produced  bv  placing  the  pa- 
tient in  whatever  version  of  A/C  is  available  and 
setting  the  respiratory  frequency  at  0.  This  would 
be  impossible  on  those  ventilators  with  a  minimum 
rate  greater  than  0  in  the  CMV  o\  A/C  mode. 

Chatburn's  Cla.ssification — True  assist-mode 
ventilation  is  classified  as  volume-/nov\-  or  pres- 
sure-controlled: pressure-.  nt)w-,  or  volume-trig- 
gered: flow-,  vcilume-.  or  pres.sure-limited:  and  time-. 
How-,  volume-,  or  pressure-cycled  (Table  1).  The 
pidjiosed  system  (Table  2)  classifies  this  mode  as 
volume-/flow-  or  pressure-controlled,  patient-trig- 
gered, and  machine-cycled.  Aside  from  not  spec- 
ifying whether  volume  or  pressure  is  preset  and. 
therefore,  not  specifying  what  limits  inspiration, 
this  describes  the  essence  of  assisted  ventilation. 

Intermittent  Mandatory  \  entilation  (IM^  ) 

Defmition  Intermittent  mandaloiv  ventilation 
(IMV)  is  a  mode  of  ventilator  operation  in  which 
mandatory  (machine)  breaths  are  delivered  at  a  set 
f  and  volume  or  pressure.  Between  machine 
breaths,  the  patient  can  breathe  spontaneously  from 
either  a  continuous  flow  K^'i  s:as  or  a  demand  svs- 
tem.^-"'^ 

Other  Terms — For  the  most  part.  IMV  has  sur- 
vived mterchaniieablc  name  calling  (and  even  de- 
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rogatory  name-calling).  At  one  time,  IMV  was  fre- 
cjuentiy  referred  to  as  intermittent  demand  ventila- 
tion (IDV)  and  was  occasionally  called  ■"inter- 
mittent respiratory  failure"  by  its  most  ardent  crit- 


ics. 


Manufacturers'  Terms — The  temis  IMV  or  SIMV 
(discussed  later)  are  used  by  most  manufacturers. 
The  term  IMV  is  sometimes  linked  with  continuous 
positive  airway  pressure  (CPAP)  on  the  mode  se- 
lection switch,  dial,  or  key  pad. 

Chatburn's  Classification — As  a  mode,  IMV  pre- 
sents the  new  problem  of  classifying  both  man- 
datory and  spontaneous  breaths.  According  to 
Chatburn,  mandatory  breaths  during  IMV  are  vol- 
ume-/tlovv-  or  pressure-controlled:  time-triggered; 
pressure-,  volume-,  or  tlow-limited;  and  pressure-, 
\olume-,  flow-,  or  time-cycled.  Spontaneous 
breaths  are  not  controlled  and  therefore  have  no 
trigger,  limit,  or  cycle  variable  if  a  continuous  flow 
of  gas  is  used.  Demand  systems  (ie,  systems  that 
respond  to  the  patient  inspiratory  effort  by  varying 
gas  delivery)  allow  spontaneous  breaths  to  be  clas- 
sified. During  IMV,  spontaneous  breaths  are  pres- 
sure-controlled; pressure-,  volume-,  or  flow-trig- 
gered; pressure-limited;  and  pressure-cycled  (Table 
1 ).  Using  the  proposed  system  allows  a  more  suc- 
cinct description.  Mandatory  breaths  are  pressure- 
or  volume-Zflow-controlled,  machine-triggered,  and 
machine-cycled.  Spontaneous  breaths  are  pressure- 
controlled,  patient-triggered,  and  patient-cycled.  As 
in  the  previous  examples,  the  term  does  not  allow 
the  clinician  to  ascertain  how  mandatory  breaths 
are  controlled  and  fails  to  convey  all  of  the  im- 
portant information. 

Synchronized  Intermittent  Mandatory 
Ventilation  (SIMV) 

Definition — SIMV  is  a  version  of  IMV  in  which 
the  ventilator  creates  a  timing  window  around  the 
scheduled  delivery  of  the  mandatory  breath  and  at- 
tempts to  deliver  the  breath  in  concert  with  the  pa- 
tient's inspiratory  effort.'*"^'"''*'  If  no  inspiratory  ef- 
fort occurs  during  this  time,  the  ventilator  delivers 
the  mandatory  breath  at  the  scheduled  time. 


Other  Terms — The  term  SIMV  appears  to  be  uni- 
versally accepted,  although  the  first  description  of 
this  mode  named  it  intermittent  demand  ventilation 
(IDV).'-'* 

Manufacturers"  Terms — All  manufacturers  who 
offer  SIMV  refer  to  it  as  such. 

Chatburn's  Classification — In  this  system,  the 
classification  is  identical  to  that  of  IMV,  except 
that  mandatory  breaths  can  be  machine-  or  patient- 
triggered.  During  SIMV,  mandatory  breaths  are 
pressure-  or  volume-Ztlow-controlled;  time-,  pres- 
sure-, flow-,  or  volume-triggered;  pressure-,  vol- 
ume-, or  flow-limited;  and  pressure-,  volume-, 
flow-,  or  time-cycled.  Spontaneous  breaths  are  pres- 
sure-controlled; pressure-,  volume-,  or  flow-trig- 
gered; pressure-limited;  and  pressure-cycled  (Table 
1 ).  The  proposed  classification  describes  man- 
datory breaths  during  SIMV  as  pressure-  or  vol- 
ume-Zflow-controlled; machine-  or  patient-triggered; 
and  machine-cycled.  Spontaneous  breaths  are  clas- 
sified as  pressure-controlled,  patient-triggered,  and 
patient-cycled  (Table  2).  Because  of  the  syn- 
chronization process,  SIMV  is  not  possible  with 
only  a  continuous-flow  source.  Some  authors  de- 
scribe demand-flow  IMV  and  continuous-flow 
IMV  as  different  modes,  which  is  clearly  not  the 
case.  Although  the  implications  for  the  respiratory 
care  practitioner  are  quite  different,  the  funda- 
mental operation  is  the  same  (Fig.  5). 
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Fig.  5.  Flow,  volume,  and  pressure  waveforms  for  what  is 
commonly  referred  to  as  SIMV.  Based  on  the  Chatburn 
classification,^  this  is  volume-controlled  intermittent  man- 
datory ventilation,  combined  trigger  (ie,  mandatory 
breaths  are  either  machine-  or  patient-triggered).  Con- 
ventional IMV  would  be  considered  VC-IMV,  machine- 
triggered  because  no  synchronization  (patient-triggering 
of  mandatory  breaths)  is  possible. 
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Continuous  Positive  Airway  Pressure  (CPAP) 

Definition — CPAP  is  a  mode  of  ventilator  opera- 
Uon  in  which  a  clinician-set  level  of  pressure  is 
maintained  constant,  while  the  patient  is  allowed  to 
breathe  spontaneously."*'''' 

Other  Terms — Few  processes  have  garnered  the 
virtual  avalanche  of  abbreviations  and  acronyms 
heaped  upon  CPAP.  While  differences  do  exist,  the 
following  have  all  been  used  to  describe  or  have 
been  used  interchangeably  with  CPAP:  positive 
end-expiratory  pressure  (PEEP),  end-expiratory 
pressure  (EEP).  inspiratory  positive  airway  pres- 
sure (IPAP),  expiratory  positive  airway  pressure 
(EPAP).  continuous  distending  pressure  (CDP). 
and  continuous  positive  pressure  breathing  (CPPB). 
The  most  common  explanation  of  the  difference 
between  PEEP  and  CPAP  is  that  PEEP  is  elevated 
baseline  pressure  during  mechanical  ventilation, 
whereas  CPAP  is  elevated  baseline  pressure  during 
spontaneous  breathing.  This  explanation  falls  short 
when  IMV  is  used,  because  an  elevated  baseline 
pressure  is  used  after  both  spontaneous  and  man- 
datory breaths  (Fig.  6).  Perhaps  the  best  way  to  dif- 
ferentiate between  the  two  is  that  CPAP  is.  as  we 
are  discussing,  a  mode  of  ventilator  operation, 
whereas  PEEP  is  simply  control  of  baseline  pres- 
sure during  use  of  a  separate  mode  of  ventilation. 
On  some  occasions.  CPAP  has  been  described  as 
IMV  with  a  rate  of  0. 
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Fig.  6.  Flow,  volume,  and  pressure  waveforms  for  con- 
tinuous positive  airway  pressure  (CPAP).  All  breaths  are 
spontaneous,  and  under  the  Chatburn  classification  sys- 
tem are  to  be  called  constant  airway  pressure  (CAP), 
which,  like  pressure  support,  is  under  a  larger  heading  of 
continuous  spontaneous  ventilation. 


Manufacturers'  Terms — The  term  CPAP  is  used 
by  all  manufacturers  to  describe  this  mode.  In  some 
instances,  there  is  a  control  labeled  CPAP.  whereas 
m  others  the  mode  is  accessed  via  the  "spontane- 
ous" mode.  In  both  cases,  the  level  oi'  end- 
expiratory  pressure  is  selected  using  a  baselme  or 
PEEP/CPAP  control. 

Chatburn's  Classification — Because  CPAP  is  de- 
void of  mandatory  breaths,  only  the  spontaneous 
breaths  need  be  considered.  Spontaneous  breaths 
are  pressure-controlled:  pressure-,  tlov.-.  or  \olume- 
triggered:  pressure-limited:  and  pressure-cycled 
(Table  I ).  More  simply,  CPAP  is  pressure- 
controlled,  patient-triggered,  patient-cycled,  unsup- 
ported spontaneous  breathing. 

Pressure-Controlled  Ventilation  (PC\ ) 

Definition — The  term  PCV  generally  refers  to 
CMV  in  which  all  breaths  are  pressure-limited  and 
time-cycled."*'"*  This  usually  means  CMV  in  the 
truest  sense.  No  patient-triggering  is  possible.  In  re- 
ality. PCV  refers  to  how  the  mandatory  breaths  are 
"controlled"  rather  than  specifying  a  mode.  This  is 
particularly  evident  when  you  realize  that  pressure- 
controlled  (pressure-limited,  time-cycled  manda- 
tory breaths)  could  be  delivered  in  CMV.  A/C.  or 
IMV. 

Other  Terms — PCV  is  usually  referred  to  as  such, 
although  ventilation  of  neonates  is  accomplished 
with  this  mode  every  day  and  called  simply  IMV. 
Some  authors  refer  to  PCV  as  pressure-limited  ven- 
tilation or  more  specifically  as  pressure-limited, 
tune-cycled  ventilation. 

Manufacturers'  Terms — On  the  whole,  man- 
ufacturers label  PCV  as  PCV.  The  Hamilton  Ve- 
olar'  allows  either  PC-IMV  or  PC-CMV  to  be  se- 
lected, while  the  Puritan-Bennett  72()0ae-  allows 
PCV  to  be  selected  as  a  breath-dcli\er\  technique 
with  mode  selected  separately.  The  PPG  IRIS.A  al- 
lows PCV  in  either  the  IMV  or  CMV  mode,  des- 
ignating the  mode  as  "IMV  -t-  Pressure-Limited"  in 
the  display  window. 

Chatburn's  Classification — The  term  pressure- 
controlled  \entilation.  of  ilselL  onlv  .serves  to  de- 
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scribe  how  inamJatory  breaths  are  delivered.  PC- 
CMV  (Fig.  71.  PC-AMV.  and  PC-IMV  (Fig.  8) 
provide  more  specilic  int'oriiiatitMi  and  allow  any  of 
these  to  be  classified.  During  PC-CMV,  mandatory 
breaths  are  pressure-controlled,  time-triggered, 
pressure-limited,  and  time-cycled.  The  fact  that 
breaths  are  pressure-controlled  precludes  them 
from  being  tlo\\-/\()lume-c\cled  or  pressure-cycled 
(pressure  is  the  limit  \ariable):  so.  time  is  the  only 
possible  cycling  \ariable.  The  other  PC  modes  can 
be  classified  by  selecting  the  previous  classifi- 
cations and  changing  the  mandatory  breath  de- 
scriptions to  pressure-controlled,  pressure-limited, 
and  time-cycled,  with  the  trigger  unchanged.  The.se 
classifications  are  shown  in  Tables  1  and  2. 
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Fig.  7.  Flow,  volume,  and  pressure  waveforms  for  pres- 
sure-controlled continuous  mandatory  ventilation  (PC- 
CMV).  The  term  pressure-controlled  In  Its  present  usage 
tells  the  practitioner  only  that  mandatory  breaths  are 
pressure  preset  and  hence  volume  variable.  The  picture 
here  can  be  further  classified  as  PC-Cf\/iV,  machine- 
triggered. 

Pres.sure-Controiled  Inverse-Ratio 
Ventilation  (PCIRV) 

Definition — PCIRV  is  a  particular  version  of  PC- 
CMV  in  which  all  breaths  are  pressure-limited  and 
time-cycled,  and  the  patient  cannot  initiate  an  in- 


spiration 


4-7.19-2.1 


Additionally,  as  the  name  implies. 


inspiration  is  longer  than  expiration. 

Other  Terms — PCIRV  is  sometimes  simplj  short- 
ened to  IRV. 

Manufacturers"  Terms — No  manufacturer  has  label- 
ed a  mode  as  PCIRV.  In  most  instances  PCIRV  is 
initiated  by  selecting  the  PCV  mode  and  adjusting 
settings  to  provide  the  desired  I:E. 


Chatburn's  Cla.ssification — The  mode  termed 
PCIRV  can  be  classiticd  as  pressure-controlled, 
time-triggered,  pressure-limited,  and  time-c>cled. 
All  breaths  are  mandatory.  The  proposed  classifica- 
tion refers  to  PCIRV  as  pressure-controlled,  ma- 
chine-triggered, pressure-limited,  and  machine- 
cycled  (Fig.  9).  These  descriptions  should  lead  the 
reader  to  question  why  PCIRV  is  considered  a  sep- 
arate mode.  The  only  difference  between  PCIRV 
and  PCV  is  the  I:E.  Volume-oriented  modes  are  not 
classified  separately  with  respect  to  I:E.  Why 
should  pressure-oriented  modes  be? 
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Fig.  8.  Flow,  volume,  and  pressure  waveforms  for  pres- 
sure-controlled Intermittent  mandatory  ventilation,  com- 
bined trigger.  Note  the  negative  pressure  deflection  prior 
to  mandatory  breath  delivery. 

Airway  Pressure  Release  Ventilation  (APRV) 

Definition — APRV  is  often  described  as  two  levels 
of  CPAP  that  are  applied  for  set  periods  of  time 
and  that  allow  spontaneous  breathing  to  occur  at 
both  levels.  This  mode  is  said  to  allow  the  clinician 
to  set  the  two  CPAP  levels  (known  as  CPAP  and 
release  pressure)  and  the  time  spent  at  each  lev- 

e,4..x24 

Other  Terms — APRV  has  been  referred  to  as  bi- 
level  airway  pressure  (BiPAP).  variable  positive 
airway  pressure  ( VPAP),  and  CPAP  with  release. 

Manufacturers"  Terms — The  PPG  IRIS.A  is  the 

onh  ventilator  that  offers  APRV  and  uses  that  ter- 
minology. Respironics  has  a  modified  nasal  CPAP 
system  capable  of  providing  APRV.  Both  the  de- 
vice and  the  mode  are  called  BiPAP. 

Chatburn"s  Classification — Scrutiny  of  the  APRV 
pressure,  volume,  and  flow  waveforms  reveals  its 
similarity  to  PCIRV.  In  tact,  if  spontaneous  breath- 
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ing  is  absent,  the  two  modes  are  indistinguishable. 
Mandatory  breaths  (which  occur  when  the  pressure 
rises  from   low  pressure   to  higher  pressure)  are 
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Fig.  9.  Flow,  volume,  and  pressure  waveforms  for  pres- 
sure-controlled inverse-ratio  ventilation  (PCIRV).  Com- 
pared to  Figure  6,  the  only  difference  is  that  inspiratory 
time  IS  greater  than  expiratory  time.  We  suggest  that 
PCIRV  is  not  a  new  mode  but  simply  pressure- 
controlled,  continuous  mandatory  ventilation,  machine- 
tnggered  (PC-CMV-MT). 

pressure-controlled,  time-triggered,  pressure-lim- 
ited, and  time-cycled.  Spontaneous  breaths  are 
pressure-controlled,  pressure-triggered,  pressure- 
limited,  and  pressure-cycled  during  APRV  with  the 
IRLSA  (Fig.  10).  In  the  original  description  by 
Downs  and  Stock,  a  continuous  flow   of  eas  was 
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Fig.  10.  Flow,  volume,  and  pressure  waveforms  for  air- 
way pressure  release  ventilation  (APRV)  without  patient 
spontaneous  breathing  Note  the  similarity  to  Figure  8. 

used;  therefore,  spontaneous  breaths  were  not  con- 
trolled (Fig.  II).  This  mode  demonstrates  the 
strength  of  this  classification  system.  While  the 
proponents  of  APRV  speak  of  bi level  CPAP  and 
dropping  from  CPAP  to  release  pressure."^  "^  ap- 
plying the  classification  principles  Linmasks  the 
black  box.  APRV  is  no  different  from  ihc  mode  of 
ventilation  that  has  been  provided  by  conventional 
neonatal  \entilators  for  more  than  20  \ears. 
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Fig,  11.  Flow,  volume,  and  pressure  waveforms  of  APRV 
demonstrating  spontaneous  breathing  throughout  the 
ventilatory  cycle.  Based  on  the  Chatburn  classification. 
APRV  IS,  as  performed  by  the  IRISA,  pressure-controlled 
intermittent  mandatory  ventilation,  combined  trigger.  The 
system  described  by  Stock  and  Downs  provides  only  ma- 
chine-triggered breaths  in  this  mode. 

BiPAP— The  term  BiPAP  is  both  a  purported 
mode  of  \entilation  and  the  trademark  name  of  a 
device.  When  described  as  a  mode.  BiP.AP  is  anal- 
ogous to  APRV.  However,  the  BiPAP  de\ice  is 
also  capable  of  delivering  pressure  support  ventila- 
tion.-"' This  example  further  serves  to  illustrate  the 
confusion  created  by  manufacturers  and  reinforced 
by  clinicians. 

Pressure  Support  Ventilation  (PSV  ) 

Deflnition — Pressure  support  \cntilalion  is  a  mode 
of  ventilator  operation  in  which  the  patient's  in- 
spiratory effort  is  assisted  b\  the  \entilator  up  to  a 
preset  level  of  inspiratory  pressure.  Inspiration  is 
terminated  when  peak  inspiratory  flowrate  reaches 
a  minimum  level  or  a  percentage  of  initial  in- 
spiratoiA  How  (Fig.  12).  This  allows  the  patient  to 
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Fig,  12.  Flow,  volume,  and  pressure  waveform  for  pres- 
sure support  ventilation.  Using  the  Chatburn  classifica- 
tion, all  breaths  during  PSV  are  spontaneous  and  pres- 
sure-controlled; thus  PSV  IS  pressure-controlled  con- 
tinuous spontaneous  ventilation  (PC-CSV). 
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determine  his  own  rale.  insiiiralor\  time,  and  tidal 
\(ilume.'^-^"'-^- 


Other  Terms — PSV  sul't'eis  a  late  similai  to  that  ol 
CF.AP  in  the  \ariatii)ns  ol  its  name,  i'he  literature 
leters  tc  PSV  as  inspiiati)i\  assist  (JA).  inspiratory 
piessiiie  support  (IPS),  spontaneous  pressure  sup- 
port (SPS),  and  inspnator\  llou  assist  (IFA). 

Manufacturers'  Terms — All  manulaeturers  have 
dilterent  algorithms  tor  the  pro\ision  of  pressure 
support,  hut  all  label  it  PSV.  Unt'ortunateK.  the 
PSV  mode  is  often  iinokcd  through  the  spontane- 
ous mode  eontrol.  leading  some  to  heliexe  thai  the 
\enl:laloi-  is  not  pro\  iding  posilise  pressure  \enlila- 
tion. 

Chatburn's  Classification — Aeeording  lo  the  def- 
initions of  spontaneous  and  mandatory  breaths,  all 
PSV  breaths  are  spontaneous.  Therefore.  PSV  ean 
be  elassified  as  pressure-eontrolled:  pressure-,  tlow-. 
or  \olume-triggered;  pressure-hmited;  and  tlovv- 
eycled.  The  proposed  classification  is  pressure- 
controlled,  patient-triggered,  pressure-limited,  pa- 
tient-c\cled  \entilation. 

Mandatory  Minute  Ventilation  (MMV) 


case  V|.)  is  crilicall\  important  to  classification,  if 
spontaneous  breathing  is  used,  then  breaths  are 
pressme-controlled:  pressure-,  tlow-.  or  \olume- 
Inggcivd;  pivssure-limiled;  aiul  pressure-c\cled. 
As  long  as  the  conditional  variable  is  met.  this  sys- 
tem does  not  change,  if  M  falls  below  the  preset 
minimum,  classification  depends  upon  the  \en- 
tilatoi"  used.  With  the  Veolar,  breaths  are  assisted 
with  increasing  le\els  of  PSV.  in  this  instance, 
there  are  still  no  mandatory  breaths.  Therefore. 
MMV  is  pressure-controlled;  pressure-,  tlow-,  or 
Nolume-triggered;  pressure-limited;  and  flow-cycled 
(Fig.  13).  The  proposed  classification  is  pressure- 
controlled,  patient-triggered,  pressure-limited,  pa- 
tient-cycled ventilation.  With  the  other  \cntilators. 
if  the  conditional  variable  is  not  met,  mandatory 
breaths  are  delivered.  This  creates  an  IMV-like  sit- 
uation in  which  both  spontaneous  and  mandatory 
breaths  nuist  be  described  (Fig.  14).  Spontaneous 
breaths  are  classified  identically  to  CPAP  or  PSV, 
depending  upon  how  the  clinician  adjusts  ventilator 
settings.  Mandatory  breaths  are  vt)lume-/tlow- 
controlled,  time-triggered,  tlow-  or  \olume-limited. 
and  time-  or  llow-cycled.  More  simply,  mandatory 
breaths  are  volume-/tlow-controlled.  machine- 
triggered,  and  machine-cycled. 


Definition — MMV  is  a  mode  of  \entilator  opera- 
tion that  allows  the  patient  to  breathe  spontane- 
ously. \et  ensures  that  a  minimum  level  of  minute 
ventilation  (M).  set  by  the  clinician,  is  al\\a_\s 
achieved.^" ''''''  This  can  be  accomplished  by  the 
use  of  increasing  levels  of  PSV  (Hamilton  Veolar)'^ 
or  by  delivery  of  mandatory  breaths  (Bear  .S.'  IR- 
lSA,"()hmeda  Advent''). 

Other  Terms — MMV  has  been  called  minimum 
minute  volume  (MMV).  augmented  minute  volume 
(AMV).  and  extended  mandatory  minute  \entila- 
tion  (EMMV). 

Manufacturers'  Terms — The  initial  description  of 
MMV  was  termed  mandatory  minute  volume,  but 
ventilator  manufacturers  use  all  the  terms  listed 
above  (EMMV.  MMV.  AMV). 

Chatburn's  Classification — MMV  is  one  of  the 

modes  in  which  the  conditional   variable  (in  this 
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Fig,  13.  Flow,  volume,  and  pressure  waveforms  tor  man- 
datory minute  ventilation  with  pressure  control  of  spon- 
taneous breaths.  When  the  conditional  variable  (Vei  is  not 
met,  the  level  of  pressure  support  delivered  changes.  No 
mandatory  breaths  are  delivered.  This  may  also  be 
thought  of  as  MMV  -i-  PSV. 

Combining  Modes 

Acknowledging  Combinations 

Modes  of  ventilator  operation  do  not  have  to  be 
used  in  isolation.  Althou'jh  certain  modes  have  to 
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Fig,  14.  Flow,  volume,  and  pressure  waveforms  for  man- 
datory minute  ventilation  with  volume  control  of  man- 
datory breaths.  When  the  conditional  variable  is  not  met. 
a  volume-controlled,  mandatory  breath  is  delivered.  This 
may  also  be  thought  of  as  MMV  +  IMV. 

stand  alone  based  upon  their  function,  others  can  be 
combined.  We  have  previously  discussed  the  com- 
bination of  IMV  with  CPAP  and  PCV  with  IMV.  Es- 
sentially, any  mode  that  pi\)\  ides  for  both  spontane- 
ous breathing  and  mandatory  breaths  can  be  com- 
bined with  a  mode  that  uses  spontaneous  breathing. 
For  instance.  PSV  can  be  combined  with  IMV  but 
not  with  C'MV.  In  these  cases,  creation  of  a  new  tenn 
to  describe  the  combined  modes  is  undesirable.  It  is 
simpler  and  more  descriptive  to  acknowledge  the 
contributions  of  each  mode  (ie.  IMV  -i-  PSV.  IMV  + 
CPAP.  PC-IMV.  or  VC-IMV  +  PSV,  Fig.  15). 
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Fig.  15.  Flow,  volume,  and  pressure  waveforms  for  vol- 
ume-controlled intermittent  mandatory  ventilation  plus 
pressure  support  ventilation.  Using  two  modes  together 
does  not  constitute  a  new  mode. 

\'()lume- Assured  Pressure  Support  (VAPS) 

Definition  -  -VAPS  is  one  of  ihc  nuin_\  new  modes 
of  ventilation  dependent  upon  conditional  variables 
and  ventilator  logic.  This  mode  was  introduced  by 
Bird  Products  on  the  S4()()Sr  and  allow s  the  patient 


to  be  placed  in  the  PSV  mode  with  a  minimum  Vj/ 
breath  assured.'^  If  during  a  PSV  breath,  the  ven- 
tilator ascertains  that  the  patient  is  not  receiving  the 
minimum  Vy.  tlowrate  is  held  constant  and  pres- 
sure is  allowed  to  increase  until  the  desired  volume 
is  reached.  These  modes  use  the  "if.  then"  type  of 
logic.  In  many  ways  VAPS  is  like  MMV,  onl\  on  a 
breath-to-breath  rather  than  on  a  minute-to-minute 
basis. 

Other  Terms — Most  applications  of  VAPS  are  re- 
centl\  de\elopcd  manufacturer-supplied  enhance- 
ments not  identified  by  other  names. 

Manufacturers'  Terms — Siemens  has  introduced 
two  new  'modes"  known  as  pressure-regulated  vol- 
ume-control and  volume-support.'"  Both  modes  ad- 
just parameters  based  on  a  conditional  \  ariable. 

Chatburn's  Classification — Ihc  VAPS  mode 
simply  provides  varying  levels  of  PSV  controlled 
by  a  conditional  variable  (Vj).  If  the  conditional 
variable  is  met,  the  classification  is  identical  to 
thai  of  PSV.  If  the  conditional  \ariable  is  not  met. 
then  the  VAPS  breaths  are  pressure-controlled 
(conditional  \ariable  met)  or  xolume-Ztlow- 
controlled  (conditional  variable  not  met);  pressure-, 
flow-,  or  volume-triggered;  pressure-limited  and 
How-  (conditional  \ ariable  met)  or  volume-c\cled 
(conditional  \ ariable  not  met).  Because  these  ad- 
justments are  made  on  a  breath-to-breath  basis. 
both  kinds  of  breaths  may  be  .seen  in  the  same  min- 
ute. We  prefer  to  refer  to  this  mode  as  adaptive 
pressure  suppt)rl. 

Taking  Another  Look 

Over  the  past  quarter  centurs  of  mechanical  ven- 
tilation, modes  ha\e  been  introduced  without  sci- 
entific testing  and  named  by  inventors  and  mar- 
keting executives  without  any  consistency  or 
regard  for  users.  If  the  classification  system  dis- 
cussed here  is  applied,  il  is  clear  thai  mans  new 
modes  are.  in  fact,  not  new.  and  that  most  modes 
can  fit  into  one  of  a  few  basic  categories  (Fig.  16). 
We  suggest  the  following  steps  for  dcl'ining  and 
naming  modes  and  hope  to  con\  ince  the  reader  that 
impKncmenls  arc  needed. 
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Fig.  16.  The  constellation  of  ventilator 
modes.  The  first  step  in  describing  a 
mode  is  to  determine  the  control  var- 
iable (dark  rings).  Volume  and  flow  con- 
trol have  been  made  one  for  simplicity. 
Using  the  combination  of  phase  and 
conditional  variables  and  breath  pattern, 
the  root  modes  are  described  (shaded 
circles).  The  third  generation  of  circles 
describes  the  trigger  pattern  for  man- 
datory breaths  and  allows  description  of 
the  root-mode  variations.  The  fourth 
generation  separates  versions  by  in- 
spiratory support  of  the  spontaneous 
breaths,  (ie.  IMV  -t-  PEEP  is  unsupported 
spontaneous  breathing  and  IMV  +  PS  is 
supported  spontaneous  breathing).  This 
fourth  generation  helps  describe  mode 
combinations.  For  clarity,  volume-con- 
trolled (preset)  \MV  is  on  the  line  be- 
tween VC  and  PC  because  mandatory 
breaths  are  volume-controlled,  whereas 
spontaneous  breaths  are  pressure-con- 
trolled. This  system  is  meant  to  comple- 
ment the  classification  system  and  at- 
tempts to  show  the  relationship  between 
the  modes  and  their  clinically  important 
distinctions. 


Step  1:  Determining  the  Control  Variable — 
Volume-  vs  Pressure-Controlled 

Identification  of  tlie  control  or  preset  variable  for 
mandatory  breaths  is  the  first  distinction  to  be 
made  regarding  mode.  If  only  spontaneous  breaths 
are  used,  then  the  control  variable  for  those  breaths 
should  be  determined.  This  preset  variable  serves 
as  a  prefix  to  further  mode  description,  using  phase 
and  conditional  variables.  In  modes  in  which  man- 
datory breaths  are  employed,  the  control  variable 
distinction  describes  breath  delivery  and  can  be 
thought  of  as  a  modifier  of  the  mode.  Chatbum's 
classification  system  allows  volume,  pressure, 
flow,  and  time  control;  yet,  for  practical  purposes 
volume  and  flow  control  can  be  placed  together. 
Therefore  the  first  step  in  classifying  an  operational 
mode  is  determining  whether  it  is  volume-Zflow-, 
pressure-,  or  time-controlled. 

Looking  back  at  Tables  1  and  2,  it  is  easy  to  see 
the  complexity  surrounding  operational  mode  ter- 
minology. We  propose  that  initially  distinguishing 


the  control  variable  for  the  mode  immediately  de- 
creases the  number  of  modes  by  five.  For  instance, 
when  a  clinician  says  the  patient  is  on  CMV,  you 
may  or  may  not  assume  that  this  means  volume- 
controlled  CMV.  Of  course  it  might  mean  pressure- 
controlled  CMV.  but  except  for  the  control  variable 
distinction  the  mode  is  still  CMV.  This  allows 
PCV.  PC-IMV,  PC-SIMV,  PC-IRV,  and  APRV  to 
be  removed  from  the  chart.  Although  the  prefix 
tells  the  clinician  what  variable  is  controlled,  the 
mode  (as  described  by  phase  and  conditional  var- 
iables) remains  unchanged.  So,  when  it  is  reported 
that  the  patient  is  on  CMV,  you  can  ask,  volume- 
controlled  or  pressure-controlled?  Both  modes  are 
the  same;  it  is  the  control  variable  that  dis- 
tinguishes between  the  two  types  of  CMV. 

Step  2:  Determining  Phase  Variables 

The  modes  are  more  precisely  described  by  de- 
termining the  specific  combination  of  phase  var- 
iables that  constitutes  each  one.  By  defining  the 
current  modes  previously,  we  can  come  to  agree- 
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merit  as  to  which  abbreviations  are  useful  to  add  to 
the  vernacular  to  describe  the  mode  of  operation. 
The  term  IMV  is  quite  descriptive  (intenuittently 
mandatoi7  breaths  are  delivered)  and  is  a  good 
starting  point  for  determining  future  names.  If  IMV 
is  intermittent,  then  CMV  should  be  ""continuous 
mandatory""  not  "controlled  mechanical"  ventila- 
tion. This  type  of  logic  preserves  the  familiar  ab- 
breviation while  pnniding  a  more  consistent  and 
descriptive  name. 

In  Table  1.  it  can  be  seen  that  the  modes  PCV 
and  PCIRV  use  exactly  the  same  control  and  phase 
variables.  Yet.  they  are  often  described  as  tv\o  dif- 
ferent modes  simply  because  with  PCIRV  in- 
spiratory time  is  longer  than  e.xpiratttry  time.  But. 
when  the  I-E  ratio  is  reversed  in  the  volume-control 
mode,  a  separate  distinction  is  not  made.  We  pro- 
vide this  as  further  support  for  abandoning  the  term 
PCIRV  as  a  mode. 

A  similar  comparison  can  be  made  for  IMV  and 
SIMV.  The  only  difference  between  these  two 
modes  of  \  entilation  is  that  during  SIMV.  the  trig- 
ger variable  for  mandatory  breaths  can  be  either 
machine-  (time)  triggered  or  patient-  (pressure-, 
volume-,  How-)  triggered.  We  suggest  that  this  dif- 
ference does  not  constitute  a  change  in  mode  but 
simply  a  change  in  one  of  the  phase  \ariables. 

To  carry  this  further,  the  only  difference  be- 
tween CMV.  A/C,  and  AMV  is  the  method  of  trig- 
gering. In  CMV  all  breaths  are  machine-triggered: 
in  A/C  breaths  can  be  either  machine-  or  patient- 
triggered:  and  in  AMV  all  breaths  are  patient- 
triggered.  Based  on  this  single  difference,  we  sug- 
gest that  these  three  represent  one  mode.  However, 
the  distinction  of  patient-triggering  is  important,  so 
we  suggest  that  these  modes  be  called  CMV-MT 
(continuous  mandators  \entilalion-machine  trig- 
gered), CMV-CT  (continuous  mandatory  \entila- 
tion-combined  trigger),  and  CMV-PT  (continuous 
mandatory  \entilalion-palient  triggered).  We  un- 
derstand that  changing  tenninology  may  present  a 
burden  for  those  accustomed  to  the  old  way.  but  we 
feel  the  new  terminology  will  be  easier  to  learn  be- 
cause of  its  logic. 

Table  3  represents  what  we  believe  are  the  basic 
modes  of  ventilator  operation,  their  classification 
based  upon  control  and  phase  \arialiles.  and  a  list 
comparing  the  old  terminology  with  the  proposed 
terminology.  Table  4  demonstrates  how  a  specific 
grouping  of  control  phase  \ariables  can  describe 


variations  of  the  modes.  Figure  3  demonstrates  the 
branching  of  modes  from  the  three  control  \ar- 
iables  to  the  primary  modes  and  their  offspring. 

New  Terminology 

In  an  effort  to  preser\e  as  much  useful  ter- 
minology as  possible,  we  suggest  that  all  modes  of 
ventilator  operation  be  described  by  the  following 
terms. 

Continuous  Mandatory  Ventilation  (CMV) 

CMV  has  been  called  controlled  mechanical 
ventilation,  assist/control,  and  assisted  mechanical 
\entilation.  Preser\ation  of  the  abbre\ iation  main- 
tains the  familiar  CMV  while  the  terms  continuous 
and  mandatory  are  more  descriptive  of  the  process. 
All  breaths  in  the  CMV  mode  are  mandatory  by 
definition  and  are  continuously  a\ailable  (as  op- 
posed to  intermittently  available  as  in  IMV).  CMV, 
then,  is  one  of  the  root  modes  that  can  be  modified 
by  the  control  variable  and  the  phase  variables.  If 
breaths  are  pressure  preset,  then  the  mode  is  termed 
pressure-controlled,  continuous  mandatory  ventila- 
tion ( PC-CM V).  For  volume  preset  ventilation,  the 
term  volume-controlled,  continuous  mandatory 
ventilation  (VC-CMV)  is  used.  The  other  \ari- 
alions  of  CMV  relate  to  triggering.  .Assist/control 
has  been  used  to  designate  the  fact  that  the  patient 
can  trigger  mandatory  breaths  between  machine- 
triggered  breaths.  Rather  than  use  this  unrelated 
term  (A/C).  we  suggest  that  the  distinction  be  iden- 
tified (ie,  machine-triggered.  MT:  patient-triggered. 
PT;  and  combined  trigger,  CT).  Therefore,  a  mode 
of  ventilator  operation  that  is  pressure  preset,  that 
delivers  only  mandatory  breaths  (patient-  or  ma- 
chine-triggered) is  termed  pressure-controlled,  con- 
tinuous mandatory  \entilation.  combined-trigger 
(PC-CMV-CT).  The  six  possible  combinations  of 
control  and  trigger  \ariables  derived  froin  the  root 
mode  CMV  are  show  n  in  Table  4. 

Intermittent  Mandatory  \  entilation  (IMV") 

The  term  IM\'  is  the  old  lenii.  but  it  adcqualcl\ 
describes  the  mode.  In  IMV.  mandatory  breaths  are 
delivered  intermittentl\.  allowing  the  patient  to 
breathe  spontaneously  between  them.  The  deriv- 
atives of  the  root-mode  IMV.  then,  are  based  upon 
corilrol  and  mandatory  breath-trigger  variables.  If 
volume  is  preset  and  all  mandatory  breaths  are  ma- 
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chine-triggered,  then  the  term  volume-cycled,  inter- 
mittent mandatory  ventilation,  machine-triggered 
(VC-IMV-MT)  is  used.  If  pressure  is  controlled 
and  machine-  or  patient-triggering  of  mandatory 
breaths  is  possible  (formerly  SIMV).  then  this 
mode  is  called  pressure-controlled,  intermittent 
mandatory  ventilation,  combined-trigger  (PC-IMV- 
CT).  Table  4  demonstrates  the  other  two  deriv- 
atives of  the  root-mode  IMV. 


lion  (conditional  \ariable)  is  guaranteed  by  the  ven- 
tilator. Most  commonly  this  is  accomplished  by  de- 
livery of  a  machine-triggered,  volume-preset  man- 
-datory  breath  at  appropriate  intervals.  However,  the 
Hamilton  Veolar  assures  the  minute  ventilation  by 
increasing  the  CSV  (PSV)  pressure  limit.  In  Table 
4.  we  note  these  differences  and  suggest  that  MMV 
might  have  two  derivatives,  PC-MMV  and  VC- 
MMV— or  MMV  +  PSV  and  MMV  +  IMV. 


Continuous  Spontaneous  Ventilation  (CSV) 

Formerly  termed  pressure  support  ventilation, 
this  mode  sustains  the  greatest  change  suggested. 
However,  the  terms  are  congruent  with  the  pre- 
vious two  modes.  The  mode  we  know  as  PSV  is 
composed  .solely  of  spontaneous  breaths  (by  our 
definition  earlier  in  the  paper),  and  each  breath  is 
supported  to  the  same  extent,  similar  to  CMV. 
Hence,  the  logical  terminology  is  continuous  spon- 
taneous ventilation.  CSV  can  be  combined  with 
other  modes  to  form  a  combined  mode  such  as  VC- 
IMV-PT  -I-  CSV  (ie,  volume-controlled,  inter- 
mittent mandatory  ventilation,  patient-triggered 
plus  continuous  spontaneous  ventilation).  There  are 
three  types  of  CSV.  The  first  we  continue  to  call 
pressure  support  ventilation  and  define  as  pre- 
viously discussed.  The  old  term  CPAP  is  a  vari- 
ation of  CSV,  differing  from  PSV  only  in  that  dur- 
ing PSV  breaths  are  supported,  and  in  CPAP,  they 
are  unsupported.  The  third  type  of  CSV  we  refer  to 
as  adaptive  pressure  support  (APS).  Essentially, 
CSV-APS  is  pressure  support  ventilation  with  a 
conditional  variable  (usually  tidal  volume).  If.  dur- 
ing the  course  of  continuous  spontaneous  ventila- 
tion, the  volume  delivered  by  the  ventilator  is  less 
than  the  preselected  tidal  volume,  the  ventilator 
maintains  the  cuirent  flowrate  until  the  desired  vol- 
ume is  achieved.  This  means  that  the  ventilator 
changes  from  pressure-controlled  to  volume- 
controlled  at  mid-inspiration.  Therefore,  all  breaths 
remain  spontaneous:  only  the  control  variable 
changes.  It  may  be  helpful  to  think  of  APS  as  a 
breath-to-breath  version  of  MMV. 

Mandatory  Minute  Ventilation  (MMV) 

This  mode  also  retains  its  original  abbreviation 
and  one  of  its  meanings.  A  preset  minute  ventila- 


Proportional  Assist  Ventilation  (PAV) 

PAV  has  been  described  by  Younes  et  al,"*""*-  but 
has  yet  to  be  incoiporated  into  any  commercially 
available  equipment.  We  mention  it  here  for  the 
sake  of  completeness.  PAV  delivers  gas  based 
upon  simultaneous  changes  in  airway  flow  and  vol- 
ume and  a  gain  setting  on  the  machine.  The  greater 
the  patient's  demand,  the  greater  support  the  ven- 
tilator provides.  It  is  our  contention  that  PAV. 
while  similar  to  CSV  (PSV)  in  theory,  is  quite  dif- 
ferent with  respect  to  control  and  phase  variables. 

Constant  Airway  Pressure  (CAP) 

Constant  airway  pressure  (CAP)  was  formerly 
continuous  positive  airway  pressure  (CPAP).  Most 
of  the  abbreviation  is  spared  in  this  terminology 
change,  but  the  use  of  the  term  constant  more  aptly 
describes  the  airway  pressure  waveform.  Addi- 
tionally, the  term  continuous  has  heretofore  been 
associated  with  mandatory  breaths  or  machine  sup- 
port of  spontaneous  breaths.  CAP,  then,  refers  to 
pressure-controlled,  patient-triggered,  pressure- 
limited,  patient-cycled,  unsupported  spontaneous 
breathing. 

In  Summary 

These  changes  are  proposed  as  a  starting  point 
for  the  more  logical  application  of  ventilator  ter- 
minology and  are  for  your  consideration  and  de- 
bate. It  is  our  contention  that  this  system  can  be 
easily  adopted  once  the  basics  of  the  classification 
system  are  understood. 
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Introduction 

The  sophistication  and  capabiHties  of  mechan- 
ical ventilators  have  greatly  expanded  over  the  last 
10  years.  As  a  result  of  the  incorporation  of  micro- 
processors into  many  of  the  newest  generation  of 
ventilators,  virtually  any  conceivable  gas-flow  de- 
livery pattern  is  possible.  Users  of  this  technology 
must  ask.  Is  all  of  the  added  versatility  clinically  ef- 
ficacious, and  is  the  cost-benefit  relationship  favor- 
able enough  to  justify  the  expense  of  these  newer 
systems? 
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In  this  paper,  I  review  the  specific  gas  delivery 
features  incorporated  into  today's  mechanical  ven- 
tilators and  classify  those  features  as  essential,  rec- 
ommended, and  optional,  and  identify  necessary 
ranges  for  selected  variables.  Mechanical  ven- 
tilators for  intensive  care,  transport,  and  home  care 
are  addressed. 

Modes  of  Ventilation 

Of  all  specific  features  of  mechanical  ven- 
tilators, the  one  that  probably  engenders  the  most 
controversy  is  mode  of  ventilation.  Unfortunately, 
in  spite  of  volumes  of  studies  attempting  to  evalu- 
ate and  define  appropriate  modes,  no  outcome  data 
are  available  to  guide  practitioners  in  their  choice 
of  mode.  As  a  result,  the  efficiency  and  efficacy  of 
any  particular  mode  has  been  established  only  on 
the  basis  of  discussions  of  the  technologic  ca- 
pability of  the  mode  and  the  real  and  theoretical  al- 
terations in  physiologic  response  associated  with 
the  use  of  the  particular  mode.  In  most  cases,  argu- 
ments regarding  the  benefits  derived  from  a  par- 
ticular mode  are  based  on  anecdotal  reports  and  the 
individual  management  philosophies  of  clinicians. 
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In  general,  most  would  agree  that  approaches  to 
ventilator)'  support  can  be  categorized  into  two 
groups — full  ventilatory  support  (FVS)  and  partial 
ventilator)'  support  (PVS),'  -  with  FVS  being  de- 
fined as  an  approach  to  ventilatory  support  in 
which  the  ventilator  performs  the  majority,  if  not 
all.  of  the  work  of  breathing.  That  is.  the  ventilator 
controls  the  rate,  depth,  and  pattern  of  gas  delivery. 
On  the  other  end  of  the  spectrum,  FYS  defines  an 
approach  to  ventilation  in  which  the  patient  and  the 
machine  are  allowed  to  more  intimately  interact  to 
determine  the  gas  delivery  methodokigy  (that  is, 
the  patient  and  the  machine  share  the  work  of 
breathing).  At  least  theoretically,  it  seems  rea- 
sonable that  ventilators,  particularly  tho.se  in  the 
ICU,  should  be  able  to  provide  both  FVS  and  PVS, 
with  the  most  ideal  mode  being  that  with  the  po- 
tential of  allowing  movement  across  the  complete 
spectrum  from  spontaneous  breathing  to  PVS  to 
FVS. 

Table  1  lists  an  abbreviated  comparison  of 
modes  of  ventilation,  based  on  their  ability  to  pro- 
\ide  volume-  or  pressure-targeted  ventilation  and 
to  provide  PVS  and  FVS.  Note  that  pressure- 
targeted  approaches  equivalent  to  all  classic  modes 
are  now  available.  Most  modes,  with  the  exception 
of  classic  control  or  assist/control  (volume-  orpres- 

Table  1 .    Classification  of  Modes  of  Venlilaliiin 


Volume-Targeted       Pressure-Targeted 


Level  of  Suppoil 


Volume  comrol  Volume  control 

Volume  A/C*  Volume  A/C,  BiPAP 

Volume  assist  Pressure  support 
SIMV 


MMV 


Pressure  control.t 
APRV.  BiPAP 

MMV 


Full 

Full 

Partial  or  full 

Partial  or  full 

Partial  or  full 


*  A/C  =  assist/control.  BiPAP  =  bilevel  positive  airway  pressure,  de- 
pending upon  setup  can  provide  cither  A/C  or  SIMV  (actually  inter- 
mittent mandatory  ventilation.  IMV).  SIMV  =  synchronized  inter- 
mittent mandatory  ventilation.  APRV  =  airuay  pressure  release 
ventilation,  actually  is  equivalent  to  intcnuittcnt  mandatory  ventila- 
tion because  a  constant  no\A  of  gas  is  generally  used.  MMV  =  man- 
datory minute  ventilation,  depending  upon  specific  ventilators,  may 
be  pressure-  or  volume-targeted. 

t  With  some  ventilators,  spontaneous  ventilation  or  pressure  support 
ventilation  is  allowed  between  pressure-controlled  breaths. 


sure-targeted)  are  capable  of  providing  both  PVS 
and  FVS. 

A/C  versus  SIMV 

The  controversy  over  which  is  the  more  ap- 
propriate mode  of  ventilation,  assist/control  (A/C) 
or  synchronized  intemiittent  mandatory  ventilation 
(SIMV),  has  been  ongoing  for  nearly  20  years  and 
has  never  been,  and  probably  never  will  be.  settled 
by  outcome  studies.  The  studies  that  ha\  e  been  per- 
formed^^ have  all  compared  the  two  approaches 
under  dissimilar  circumstances  (ie,  SIMV  rate  of  4/ 
min,  as  compared  to  normal  A/C  rates).  Differ- 
ences regarding  mean  intrathoracic  pressure  chang- 
es, mean  airway  pressures,  and  levels  of  ventilation 
have  been  noted.  However,  no  data  to  support  dif- 
ferences in  length  of  mechanical  ventilation,  ea.se 
of  ventilator  discontinuation,  or  frequency  of  ven- 
tilator-induced complications  have  been  document- 
ed. As  a  result,  it  is  impossible  to  argue  cogently, 
based  on  the  available  scientific  data,  for  the  in- 
clusion or  exclusion  of  either  volume-targeted  A/C 
or  SIMV  on  the  basic  ICU  ventilator.  (The  ad- 
vantages and  disadvantages  of  each  are  outlined  in 
Table  2.'^**)  SIMV  allows  a  broader  range  of  avail- 
able ventilatory  support  (PVS  to  FVS);  however, 
A/C  is  finnly  established  in  the  minds  of  many  cli- 
nicians as  the  ideal  approach  to  \entilator\  support. 
As  a  result,  it  seems  reasonable  to  view  both  \ol- 
ume-targeted  A/C  and  SIMV  as  essential  for  the 
basic  ICU  ventilator. 

Pressure-Targeted  Ventilation 

Over  the  last  5  years,  much  of  the  di.scussion  re- 
garding modes  of  mechanical  ventilation  has  cen- 
tered on  the  use  of  pressure-targeted  approaches. 
Of  all  the  modes  of  ventilation  currently  available, 
pressure  support  ventilation  (PSV)  is  the  approach 
that  has  probably  recei\cd  the  nn)si  attention  in 
clinical  studies.'''-  As  a  result  of  the  work  of 
breathing  (WOB)  imposed  by  endotracheal 
tubes.''"''  humidification  systems,''*  ventilator  de- 
mand valves."  and  PEEP/CPAP  devices.''  low  lev- 
els of  pressure  support  (5-15  cm  H;0)  have  been 
recommended  for  use  on  most,  if  not  all,  patients 
being  \entilaied  in  SIMV  or  in  CPAP.'*  As  dem- 
onstrated b\    Brochaid  et  al'"  (Table  3).  bv  ad- 
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Table  2. 

Volume-Targeted  Assist/Control  (A/C)  vs  Synchronized  Intermittent  Mandatory  Ventilation  (SIMV) 

Mode 

Description                                              Advantages                                                 Disadvantages 

AJC 


Volume  control; 
however,  spontaneous 

breathing  can  increase 
rate;  Vt*  constant;  peak 
pressure  variable;  FVS 
only. 


All  breaths  at  targeted  Vi ; 
patient  may  exceed  set  rate;  con- 
trol over  minimum  MV;  volume 
control  possible  wnh  sedation, 
sedation/paralysis,  or  h\  perven- 
tilation.' 


Rapid  breathing  may  cause 
respiratory  alkalosis,  air-trapping 
auto-PEEP,  cardiovascular  com- 
promise; peak  airway  pressure 
variable. 


SIMV 


Volume  A/C  with 
spontaneous  breathing 
via  demand  system 
between  volume  breaths; 
PVS  to  FVS. 


Able  to  provide  any  level  of  ven- 
tilatory support;  allows  near  com- 
plete spontaneous  ventilation;  at 
low  rates,  air-trapping.  auto- 
PEEP.  respiratory  alkalosis,  and 
cardiovascular  compromise  less 
likely  than  with  A/C;'  can  pro- 
vide FVS  with  sedation/paralysis, 
or  hyperventilation. 


Stacking  of  spontaneous 
breaths  on  mechanical  breaths; 
dyssynchrony  as  a  result  of 
differing  gas  delivery  patterns; 
increased  WOB  at  low  man- 
datory rates. ^  may  cause  air- 
trapping,  auto-PEEP,  and  respi- 
ratory alkalosis  at  rapid  spontan- 
eous rates;  peak  airway  pressure 
variable. 


*Vt  =  tidal  volume:  FVS  =  full  ventilatory  support;  MV  =  minute  \  olume;  PVS  =  partial  ventilatory  support;  and  WOB  =  work  of  breathing. 


justing  the  PSV  level,  it  is  possible  to  titrate  the 
amount  of  work  performed  by  the  spontaneously 
breathing  patient  to  a  greater  extent  than  is  possible 
by  any  other  commonly  available  mode.  Although 
no  one  has  been  able  to  demonstrate  a  difference  in 
outcome  during  various  approaches  to  weaning. '^'^ 
Hurst  et  al'-  have  shown  that  the  addition  of  low 
levels  of  pressure  support  (a  mean  level  of  9  cm 
H2O)  to  SIMV  dramatically  improves  gas  exchange, 
dead-space-to-tidai-volume  ratio,  and  ventilatory 
pattern  during  weaning  (Table  4).  If  properly  applied 
to  spontaneously  breathing  patients,  PSV  improves 
patient  comfort,  decreases  imposed  WOB,  elim- 
inates accessor.-  muscle  use.  and  establishes  a  more 
nomial  ventilatory  pattern.""'-'*'  As  a  result  of  these 
data  and  the  virtual  universal  use  of  pressure  sup- 
port, it  must  be  considered  essential  on  the  basic 
ICU  ventilator. 

More  recently,  controversy  over  the  benefits  of 
pressure-control  ventilation  (PCV)  vs  volume- 
control  ventilation  (VCV)  has  surfaced  in  the  med- 
ical literature.-"-'  (A  comparison  of  PCV  vs  VCV 
is  provided  in  Table  5.--)  A  number  of  reports  of 
uncontrolled  studies  have  indicated  that  PCV,  par- 
ticularly when  the  I-E  ratio  is  inverted,  is  of  sia- 


nificant  benefit  when  applied  during  adult  res- 
piratory distress  syndrome.-"-^  Unfoitunately.  only 
limited  data  under  controlled  clinical  or  laboratory 
settings  support  these  initial  reports.  A  single  study 
by  Abraham  and  Yoshihara'^  using  normal  1:E 
(1:2)  indicated  a  statisticallly  significant  increase 
in  PaO:  (80-92  torr)  when  volume-control  was 
changed  to  pressure-control.  However,  a  number  of 
authors  in  controlled  patient"^'^"  and  animal""  stud- 
ies have  been  unable  to  demonstrate  either  a  clin- 
ically or  statistically  significant  impro\ement  in 
gas  exchange  when  pressure-control  is  used  with 
either  normal  or  extended  I:E.  As  a  result,  the  need 
to  include  this  mode  as  one  of  the  basic,  essential 
modes  of  ICU  ventilation  must  be  questioned.  In 
fact,  the  only  advantage  PCV  has  over  VCV  may 
be  the  fact  that  it  maintains  a  constant  peak  airway 
pressure.  However,  if  high-pressure  limits  are  set 
tightly  (5-10  cm  H.O  above  peak  airway  pressure), 
similar  safety  in  airway  pressure  change  can  be 
achieved  with  volume-control,  while  constant  tidal 
volume  (V^)  delivery  is  maintained. ''-^^''  In  fact,  as 
discussed  by  Marini's  group,'""  the  essential  fea- 
ture of  management  of  ARDS  patients  is  the  ap- 
plication   of    specific    criteria    limiting    pressure. 
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Table  3.    Changes  in  Vcniilaton  Variables.  Gas  Exchange,  and  Transdiaphragmatic  Pressure  with  Increasing  Levels  of  Pressure  Support* 


Pressure  Support  Leve 

Is  (cm  H:0) 

0 

10 

15 

20 

Vt,  t  niL 

377  (80) 

459  (63)* 

491  (82)§ 

533(131)# 

RR.  min   ' 

31  (8) 

29(8) 

26(8)# 

24  (7)# 

\fe,  L  •  min-' 

11,2(2.2) 

13.0(2.9)1 

13.1  (2.9)1 

12.3(2.3) 

Pd„  cm  H2O 

21(12) 

14(11)# 

10(8)# 

9(8)# 

PEEPi.  cm  H:0** 

2.7(1.7) 

1.5(1.2)1 

0.9(1.2)1 

0.7(0.7)'! 

PaO:.  torr 

76(18) 

79(19) 

79(16) 

83(19) 

PaCO:.  torr 

45(8) 

40  (6)11 

39  (5)§ 

36  (6)# 

V02,  mL  ■  min' 

288 (49) 

241  (55)§ 

235  (48)§ 

213(54)# 

W.  J  ■  min-' 

19.5(19.7) 

13.8(13.6) 

10.9(10.9)1 

5.0  (2.6)§ 

W/V,  J  •  L-' 

1.58(1.15) 

0.95  (0.76)11 

0.74  (  0.63)§ 

0.39(0.14)# 

I 


*A11  data  are  expressed  as  mean  (SDl.  Statistical  analysis  compares  ilie  value  with  pressure  support  zero  value.  (Adapted,  with  permission,  from  Refer- 
ence 10.) 

tVx  =  tidal  volume;  RR  =  respiratory  rate;  \fe  =  minute  ventilation;  Pj,  =  the  difference  between  pealv  inspiratory  and  peak  expiratory  transdiaphragmatic 
pressure;  PEEP,  =  intrinsic  positive  end-expiratory  pressure;  Vq:  =  oxygen  consumption;  W=  work  of  breathing  expressed  per  unit  of  lime;  W/V  = 
work  of  breathing  per  liter  of  ventilation. 

tp  =  0.06. 

§p<O.OI. 

#p<f).OOI. 

Tip  <  O.Ci. 

**The  mean  value  for  the  six  patients  in  whom  it  was  present. 


which  can  be  achieved  with  both  \  olume-  and  pres- 
sure-control. 

MMV,  APRV,  BiPAP,  and  PAV 

Although  mandatory  minute  ventilation  (MMV), 
airway  pressure  release  ventilation  (APRV),  bilevel 
positive  airway  pressure  (BiPAP),  and  proportional 
assist  ventilation  (PAV)  have  demonstrated  clinical 
efficacy  in  limited  settings,  tiicy  have  not  been 
demonstrated  to  be  superior,  nor  can  specific  ad- 
vantages be  outlined  for  the  use  of  these  modes  in 
the  intubated  ICU  patient.  It  is  my  observation  that 
MMV.  although  an  attractive  enhancement  to 
SIMV,  has  not  been  embraced  by  the  respiratory 
care  community.  The  inajor  reason  for  this  may  be 
a  result  of  inadequately  developed  algorithms. 
However,  in  an  animal  model.  Hast  et  al'"*  have 
shown  the  benefit  of  adding  MMV  to  PSV  to  pre- 
vent hypoventilation  associated  wilh  depression  of 
\cnliiator\'  dri\e. 


APRV  has  been  studied  in  animals,""'^  on  post- 
operative cardiac  surgical  patients."" '"  and  in  pa- 
tients with  ARDS.'*°  However,  in  none  of  these  set- 
tings has  it  been  demonstrated  to  be  superior  to 
con\  entional  volume-limited  A/C  or  SIMV. 

Although  BiPAP  has  been  demonstrated  to  be 
useful  111  noninvasive  applications,'*'"'-  it  has  not 
been  studied  in  patients  who  require  endotracheal 
intubation,  and  because  it  functions  essentially  as 
PSV  with  continuous  positive  (CPAP)  or  positive 
end-expiratory  pressure  (PEEP),  it  is  questionable 
whether  it  can  be  demonstrated  to  be  superior  to 
their  combination. 

The  newest  and  most  exciting  addition  to  the  list 
of  modes  of  ventilation  is  PAV.'*'*'"  This  approach 
ditfers  conceptually  from  every  other  a\aiiable 
mode  because  it  is  designed  to  provide  a  greater 
level  of  ventilatory  assistance  when  the  patient  de- 
mands more  and  a  lower  ie\ei  of  assistance  w hen 
the  patient  demands  less.  Altiiough,  at  least  con- 
ceptuallv.  P.AV  must  be  considered  the  ideal  partial 


1048 


RESPIRATORY  CARE  •  SEPTEMBER  "92  Vol  37  No  9 


ESSENTIAL  GAS  DELIVERY  FEATURES 


Table  4.  Effects  of  Synchronized  Interinitteni  Mandatory  Ven- 
tilation with  Intermittent  Pressure  Support  in  Surgical 
Patients* 


Value 

IMV 

IMV  +  PSV 

Pad:,  torr 

87  (10) 

99  (16) 

PaCC):.  torr 

50  (4) 

43  (5)t 

RR.  spontaneous. 

breaths/min 

36(5) 

16  (3)1: 

\k,  L/min 

13.5  ±2 

8,9  ±  l.5t 

Vi)-,  niL/min 

299(59) 

278(68) 

\(():.  niL/niin 

270(23) 

245(27) 

REE,  kJ/d 

8.316  (714) 

7.843(743) 

Paw.  cm  H:0 

12(4) 

16(5) 

V[/Vt,  % 

0,68  (0.1) 

0.42  (0.05)t 

MAP,  lorr 

84  (7) 

82  (9) 

SP,  torr 

139(15) 

130(16) 

*A11  data  are  expressed  as  mean  (SD).  IMV  =  intermittent  mandatory 
ventilation;  PSV  =  pressure  support  ventilation;  PaO:  =  arterial  partial 
pressure  of  oxygen;  PaCO:  =  arterial  partial  pressure  of  carbon  diox- 
ide; RR  =  respiratory  rate;  %  =  expired  minute  volume;  V02  =  oxy- 
gen consumption;  Vco:  =  carbon  dioxide  production;  REE  =  energy 
expenditure;  Paw  =  mean  airway  pressure;  Vp/Vj  =  dead-space-to- 
tidal-volume  ratio;  MAP  =  mean  arterial  pressure;  and  SP  =  se- 
quential pulse.  (Adapted,  with  permission,  from  Reference  12.) 

tp  <  0.05. 

ip<0.01. 


Table  5.    Volume-Tameted  vs  Pressure-Tareeted  Ventilation* 


Volume 
Control 


Pressure 
Control 


Rate 

Set  or  variable 

Set  or  variable 

Vrt 

Set 

Variable 

Peak  pressure 

Variable 

Set 

Peak  flow 

Set 

Variable 

Flow  wave 

Set,  but  variable 

Set 

Assist/control 

Yes 

Yes 

Control 

Yes 

Yes 

Inspiratory  time 

Variable 

Variable 

I-E  ratio 

Variable 

Variable 

*Reproduced,  with  permission,  from  Reference  22. 

tVj  =  tidal  volume;  1-E  =  inspiratory  time/expiratory  time. 


ventilatory  support  (PVS)  mode,  its  present  status 
is  purely  experimental.  As  a  result,  it  does  not  seem 
reasonable  to  consider  PAV,  MMV,  APRV,  or  Bi- 
PAP  as  essential  on  the  basic  ICU  ventilator. 


Essential  Modes  of  ICU  Ventilators 

Table  6  summarizes  mode  requirements  of  ICU 
ventilators.  As  noted,  volume-targeted  SIMV  and 
A/C  are  considered  essential  features  of  the  basic 
ICU  ventilator,  as  is  PSV,  I  do  not  believe  that 
PCV  (although  desirable  on  a  basic  unit)  can  be 
considered  essential.  As  you  will  note  from  Table 
7.  3,079  patients  were  mechanically  ventilated  at 
the  Massachusetts  General  Hospital  (MGH)  in 
1 99 1 ;  of  these,  709^  were  ventilated  for  ^  3  days, 
and  80%  for  ^  7  days.  In  those  ventilated  short- 
term  (=£  3  days).  SIMV  and  PSV  were  the  modes 
used  almo.st  exclusively,  although  volume-targeted 
A/C  could  have  easily  been  substituted  for  SIMV, 
In  patients  ventilated  longer  than  3  days,  other 
modes  were  tried — particularly  pressure-control. 
However,  only  in  a  small  percentage  of  this  total 
group  of  patients  (in  the  range  of  2-3%)  were  there 
issues  surrounding  control  of  airway  pressure. 
More  than  95%  of  all  the  patients  ventilated  at 
MGH  in  1991  were  maintained  with  the  essential 
modes  outlined  in  Table  6,  Although  it  is  academ- 
ically and  clinically  challenging  to  experiment  with 
new  approaches  to  ventilatory  support,  it  is  dif- 
ficult, if  not  impossible,  to  argue  that  the  essential 
features  of  an  ICU  ventilator  should  include  those 
approaches  to  ventilation  that  have  not  been  dem- 
onstrated to  enhance  efficacy  over  older  modes. 
Further,  it  is  fiscally  irresponsible  to  expect  that  all 
ventilators  in  every  ICU  include  every  available 
mode  of  ventilation. 

Table  6.    Suggestions  for  Modes  on  ICU  Ventilators 

Essential    Recommended  Optional 


Volume  Assist/Control 

Yes 

— 

Volume  SIMV* 

Yes 

— 

Pressure  Support 

Yes 

— 

Pressure  Assist/Control 

No 

Yes 

Pressure  SIMV 

No 

Yes 

Pressure  or  Volume  MMV 

No 

No 

APRV 

No 

No 

BiPAP 

No 

No 

Yes 
Yes 
Yes 


*SIMV  =  synchronized  intermittent  mandatory  ventilation;  MMV  : 
mandatory  minute  ventilation;  APRV  =  airwa>  pressure  release  ven- 
tilation; and  BiPAP  =  bilevel  positive  airway  pressure. 
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Table  7.    Patients  Mechanically  Ventilated  at  Massachusetts 
General  Hospital  in  1991 


Length 

Number 

Percentage 

Cumulative 

(days) 

of  Patients 

of  Total 

Percentage 

«  I 

1,523 

49.5 

49.5 

2 

379 

12.2 

61.7 

3 

202 

6.6 

68.3 

4-7 

346 

11.1 

79.4 

8-14 

255 

8.3 

87.7 

15-21 

109 

3.5 

91.2 

22-28 

83 

2.7 

93.9 

29-56 

125 

4.1 

98.0 

>56 

57 

2.0 

100.0 

Total 

3,079 

100.0 

Modes  of  Ventilation:  Transport  Ventilators 

The  transport  of  a  patient,  whether  in  the  field  or 
within  the  hospital,  is  frequently  associated  with 
physiologic  instability.  Alterations  in  gas  exchange 
and  cardiopulmonary  hemodynamics  are  common. 
As  a  result,  during  periods  of  transport,  tight  con- 
trol over  ventilatory  variables  is  frequently  main- 
tained. 

Unfortunately,  no  data  exist  to  assist  in  guiding 
the  selection  of  mode  of  ventilation  during  trans- 
port; however,  it  seems  reasonable  to  select  the 
mode  of  ventilation  that  ensures  a  consistent  gas 
delivery,  yet  is  also  able  to  respond  to  the  patient. 
As  is  the  case  with  most  available  transport  ven- 
tilators, the  mode  of  choice  is  volume  assist/control 


(see  Table  8).  Although  the  inclusion  of  SIMV  and 
pressure  support  seems  reasonable  based  on  usage 
in  hospitals,  the  desire  for  consistency  of  mode  dur- 
ing transport  is  offset  by  the  physical  constraints 
and  costs  of  transport  ventilators.  None  of  the  units 
currently  available  is  capable  of  pro\  iding  gas  de- 
livery in  the  SIMV  mode  consistent  whh  that  pro- 
vided by  ICU  ventilators,  although  the  Impact  ven- 
tilator probably  comes  closest.''-'^  No  transport 
ventilator  has  attempted  to  include  pressure  support 
as  an  available  mode. 

Modes  of  Ventilators:  Home  Care  Ventilators 

My  observation  has  been  that  the  general  rule  re- 
garding maintenance  of  long-term,  ventilator- 
dependent  patients  in  the  home  is  to  maximize  ven- 
tilatory muscle  function  to  ensure  the  greatest  pe- 
riods of  ventilator  independence.  This  concept  fre- 
quently differs  greatly  from  that  in  the  ICU,  where 
PVS  is  commonly  the  approach  used,  once  the 
most  acute  phase  of  ventilator  dependence  is  pa.st, 
with  the  overriding  goal  being  complete  ventilator 
independence.  With  long-term  ventilatory  assist- 
ance, independence  is  not  a  primary  goal.  In  addi- 
tion, in  the  home  care  setting,  ventilation  is  gener- 
ally provided  to  a  stable  cardiopulmonary  system 
in  which  marked  alterations  in  compliance  and  air- 
ways resistance  are  not  a  problem.  .As  a  result,  the 
mode  of  ventilation  that  is  essential  on  home  care 
ventilators  is  volume  assist/control'*''  (Table  8).  Al- 
though many  practitioners  prefer  SIMV  or  PSV  in 
the  ICU,  neither  of  these  modes  can  be  considered 


Table  8.    Modes  of  Ventilation  for  Transport  and  Home  Care  Ventilators 


Volume  Assist/Control 

Volume  SIMV 

Pressure  Support 

BiPAP 

Pressure  Control 

HMV  Pressure  or  Volume 

APRV 


Essential 

Recommended 

Optional 

Transport 

Home 

Transport 

Home 

Transport 

4ome 

Yes 

Yes 









No 

No 

Yes 

No 

No 

No 

No 

No 

No 

No 

No 

No 

No 

No 

Yes 

No 

— 

No 

No 

No 

No 

No 

Yes 

No 

No 

No 

No 

No 

No 

No 

No 

No 

No 

No 

No 

*SIMV  =  synchronized  imcrmillent  mandator)  vcniilalion;  BiPAP  =  bile\cl  positive  airway  pressure;  MMV  =  mandator)'  minute  ventilation;  and  APRV 
=  airway  pressure  release  ventilation. 
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an  essential  mode  for  home  care  ventilators.  In  the 
home,  no  practitioner  is  available  to  provide  the 
frequent  attention  to  details  of  ventilation  required 
with  SIMV  and  PSV.  Most  importantly,  the  gas  de- 
livery system  of  home  care  ventilators  does  not  al- 
low for  an  acceptable  imposed  work  load  during 
the  spontaneous  phase  of  SIMV.'''  All  home  care 
ventilators  impose  high  work  loads  during  SIMV, 
and  because  of  size  and  cost  constraints  it  is  doubt- 
ful that  technical  modifications  that  allow  accept- 
able work  loads  will  be  forthcoming  in  the  near  fu- 
ture. Pressure  support,  because  it  is  by  definition  a 
pure  assist  mode  of  ventilation,  cannot  be  con- 
sidered essential  or  recommended  for  home  care 
ventilators.  However,  the  use  of  pressure-limited 
ventilation,  as  in  BiPAP.  for  noninvasive  ventila- 
tion has  demonstrated  remarkable  success.^' "'-  It  is 
reasonable  to  expect  that  this  approach  to  ventila- 
tion would  perform  appropriately  in  patients  with 
artificial  airways,  provided  alarms  are  included.  As 
noted  in  Table  I.  BiPAP  is  pressure-targeted  A/C 
or  SIMV. 

PEEP/CPAP  and  Fio. 

The  primary  ventilator  variables  associated  with 
the  maintenance  of  oxygenation  are  PEEP,  CPAP, 
and  fractional  concentration  of  inspired  oxygen 
(F102)  (Table  9).  As  a  result,  it  is  difficult  to  argue 
against  the  inclusion  of  the  full  spectrum  of  F102 
and  PEEP/CPAP  capabilities  on  all  ICU  ventilators 
(that  is,  Fio:S  from  0.21  to  1.0  must  be  available). 
The  maximum  level  of  PEEP  and  CPAP  to  be  in- 
cluded is  debatable,  although,  in  my  experience,  it 


is  extremely  rare  that  greater  than  20  cm  H^O 
PEEP  and  15  cm  H.O  CPAP  are  ever  applied. 
However,  to  accommodate  the  desires  of  all  cli- 
nicians, both  PEEP  and  CPAP  should  be  available 
to  30  cm  H:0. 

During  transport,  particularly  intrahospital.  high 
Fio:S  (1.0)  are  generally  the  rule  because  of  the  fre- 
quency of  transport-related  instability.'  In  addition, 
the  same  level  of  PEEP  considered  essential  with 
the  ICU  ventilator  (30  cm  H2O)  must  be  considered 
essential  with  transport  units  to  ensure  alveolar  sta- 
bility during  transport.  However.  CPAP  is  not  con- 
sidered essential  or  even  recommended  on  trans- 
port ventilators.  In  addition,  none  of  the  transport 
units  currently  available  can  accommodate  spon- 
taneous ventilation,  particularly  in  association  with 
CPAP.  without  imposing  excessive  work  loads. 

With  home  care  ventilators,  the  tradeoffs  with 
Fio:  and  PEEP/CPAP  are  clinical  necessity  vs  cost, 
complexity,  and  physical  size  limitations.  Because 
patients  being  maintained  at  home  on  mechanical 
ventilators  are.  by  definition,  chronically  (not 
acutely)  ill.  the  need  for  high  and  precise  F102  is 
limited,  and  the  need  for  PEEP/CPAP  rare.  In  addi- 
tion, portability  is  a  primary  concern.  The  pro- 
vision of  high  and  precise  Fio;  demands  a  high- 
pressure  gas  source  of  large  flow  capability,  which 
greatly  limits  portability.  The  present  methodol- 
ogies'*^ for  enhancing  Fio:  (gas  accumulators)  gen- 
erally provide  the  range  (up  to  35-45%)  and  the  ac- 
curacy (±  5%)  required  in  the  stable  long-term,  ven- 
tilator-dependent patient. 

It  is  rare  that  home  care  patients  require  PEEP/ 
CPAP."*^  As  already  indicated,  all  of  these  patients 


Table  9.     Suggestions  for  PEEP.  CPAP,  Fio:.  and  Humidification-System  Features  for  ICU,  Transport,  and  Home  Care  Ventilators 


Essential 

Recommended 

ICU      Transport 

Home 

ICU      Transport         Home 

«  1.0       «  1.0 
«  30        «  30 

0.21 
No 

—  —            0.21-0.40 

—  —             No 

Optional 


ICU       Transport       Home 


Fio: 

PEEP 
(cm  H2O) 


0.40 

:  10 


CPAP 

(cm  H2O) 


: 30  No  No 


—  No 


No 


—  No 


No 


Humidifier 


Yes  No  No 


—  No 


Yes 


Yes 
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are  stable,  although  chronically  ill.  The  present  de- 
sign of  home  care  ventilators  increases  the  prob- 
abilit)  that  PEEP  or  CPAP  will  greatly  increase  the 
imposed  work  of  spontaneous  breathing;  this  in- 
cludes triggering  of  volume  A/C  because  none  is 
PEEP-compensated.  As  a  result,  sensitivity  must  be 
carefully  set  during  A/C.  If  attempts  are  made  to 
provide  PEEP  during  SIMV  or  CPAP.  dramatic  in- 
creases in  imposed  WOB  occur  because  no  mech- 
anism is  available  to  prevent  the  patient  from  need- 
ing to  decompress  the  PEEP/CPAP  in  order  to 
inspire  gas  from  the  piston  chamber  or  the  environ- 
ment.'^ Unless  dramatic  changes  are  made  in  the 
design  of  home  care  units,  and  more  acutely  ill  pa- 
tients are  discharged  home,  the  inclusion  of  PEEP/ 
CPAP  must  be  considered  optional. 

Humidincation 

With  any  long-term  approach  to  ventilatory  sup- 
port, adequate  humidification  is  essential  to  ensure 
appropriate  function  of  the  mucociliary  escalator 
and  to  enhance  secretion  mobilization.  With  all 
ICU  and  home  care  ventilators,  humidification  sys- 
tems are  essential;  however,  with  transport  units 
they  are  not.  During  transport,  the  use  of  a  humid- 
ifier frequently  complicates  the  setup,  and  because 
ventilation  is  only  provided  for  a  short  period  with 
these  units,  no  humidifier  is  generally  the  rule,  not 
the  exception.  During  transport  outside  the  home, 
heat  and  moisture  exchangers  are  commonly 
used.'*^  To  facilitate  movement  and  mounting  on 
wheelchairs,  the  humidifier  should  not  be  an  in- 
tegral part  of  the  ventilator,  although  it  does  need 
to  be  available  for  use  with  all  home  care  ven- 
tilators. 

Tidal  \ Olume  and  Rate 

All  mechanical  ventilators  must  have  the  ability 
to  specify  the  delivery  of  precise  Vj  and  rate  (f). 
Although  no  data  exist  to  specify  rate  range,  if  one 
considers  the  age  range  across  which  ventilators 
are  commonly  used,  a  maximum  rate  for  ICU  ven- 
tilators and  transport  ventilators  of  60/min  and  40/ 
iiiin  for  home  care  units  seems  appropriate.  The 
need  to  exceed  these  rate  limits  is  rarely  present 
even  in  patients  markedly  stressed  or  with  large 


minute  volume  demands  who  require  small  WjS. 
The  V,  delivery  range  on  most  ventilators  is  0.1- 
2.0  L.  This  level  has  been  chosen  to  ensure  that  the 
\entilator  can  accommodate  the  demands  of  the 
large.  markedK'  stressed  adult  and  to  allow  stan- 
dard \entilators  to  operate  pneumobelts."*  as  well 
as  to  ventilate  patients  with  cuffless  tracheostomy 
tubes  or  large  bronchopleural  fistulas.  This  upper 
limit  of  Vj  seems  reasonable  for  standard  ven- 
tilators of  all  categories.  On  the  lower  end  of  the 
spectrum,  a  Vj  of  100  mL  seems  an  acceptable 
minimal  setting  because  the  basic  ventilator  in  all 
classes  is  generally  designed  to  ventilate  pediatric 
to  adult  patients. 

Flowrate  and  Waveform 

At  the  present  time  (1992).  numerous  gas  de- 
livery waveforms  are  available  on  mechanical  \en- 
tilators.  Historically,  waveforms  ha\e  fit  into  four 
categories:  square,  sine,  decelerating,  and  acceler- 
ating; although  the  Hamilton  Veolar  allows  for  the 
delivery  of  a  total  of  seven  different  waveforms,  the 
additional  three  are  modifications  of  the  standard 
four.  However,  justification  for  the  use  of  \arious 
waveforms  under  specific  clinical  settings  is  lack- 
ing. I  believe  that  studies  attempting  to  establish 
physiologic  effects  of  \arious  wa\eforms  and  their 
clinical  efficacv  have  failed  to  clearlv  define  differ- 


ences. 


:7. 3.1.48-50 


Specifically,  no  discernible  differ- 
ences have  been  noted  between  square  and  sine 
waveforms.  In  addition,  no  scientific  data  are  avail- 
able to  establish  the  need  to  use  an  accelerating 
waveform;  to  my  knowledge,  no  author  has  defined 
the  need  to  include  this  waveform  on  any  \en- 
tilator.  The  one  waveform  for  which  at  least  mini- 
mal data  suggest  better  gas  distribution  and  gas  ex- 
change in  the  presence  of  V/Q  abnormalities  is  the 
decelerating-flow  waveform. '^■■'■'■■*^  As  a  result.  I  be- 
lieve that  sine  or  square  waveforms  are  essential, 
with  the  decelerating  waveform  recommended,  and 
all  others  unnecessary. 

Peak  inspiratory  flow  should  meet  the  patient's 
peak  inspiratory  fiow  demands."'''^-  Of  course,  this 
is  not  possible  under  e\ery  condition  because 
adults  with  normal  pulmonar\  mechanics  can  gen- 
erate peak  fiows  of  300  to  500  L/min.  However, 
ICU  and  transport  ventilators  must  be  able  to  meet 
the  spontaneous  peak  fiow  demands  of  patients  in 
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acute  ventilatory  failure.  In  general,  this  requires 
peak  flows  of  up  to  about  120  L/min,  although 
peak  flow  capability  to  180  L/min  is  preferred,  es- 
pecially in  CPAP  and  pressure  support.  With  home 
care  \cniilators.  peak  inspiratory  flow  demands  are 
less  than  with  ICU  and  transport  ventilators.  Peak 
tlows  of  100  L/min  generally  meet  the  inspiratory 
demands  of  all  stable  chronically  ventilated  pa- 
tients. 

Inspiratory  Time  and  I:E 

As  with  many  of  the  other  variables  discussed, 
little  specific  information  is  available  to  establish 
essential  guidelines  regarding  inspiratory  time  and 
LE.  Information  in  the  mechanical  ventilation  lit- 
erature on  the  advantages  of  lengthened  inspiratory 
time  is  controversial. ■"-'■-'■''''  Retrospective  un- 
controlled data  suggest  that  lengthy  inspiratory 
times  with  inverted  I:E  enhance  gas  exchange.-''"-^ 
However,  recent  data  indicate  that  there  is  no  ben- 
efit from  increasing  inspiratory  time  or  inverting 
I:E  if  total  PEEP  or  mean  airway  pressures  are  held 
constant.-'''"  As  a  result,  the  capability  of  achiev- 
ing an  I:E  of  1:1  is  essential,  whereas  inversion  of 
the  I;E  is  considered  an  option.  In  light  of  this,  an 
inspiratory  time  of  a  maximum  of  3  seconds  in  ICU 
ventilators  is  recommended  (that  is.  the  ability  to 
achieve  an  I:E  of  1:1  at  a  rate  of  10/min).  In  both 
transport  and  home  care  ventilators,  a  maximum 
I: E  of  1 : 1  is  also  recommended,  with  an  inspiratory 
time  of  up  to  2  seconds. 

Maximum  System  Pressure 

The  maximum  airway  pressure  allowable  by  me- 
chanical ventilators  has  never  been  specifically  ad- 
dressed. Some  authors^-''''"'''''''*  have  proposed  lim- 
iting peak  alveolar  (plateau)  pressure  to  40-45  cm 
H;0  in  order  to  minimize  the  potential  for  all  types 
of  barotrauma.  Although  I  agree  with  these  authors, 
the  specific  limit  that  should  be  placed  on  peak  air- 
way pressure  during  VCV.  PSV,  and  PCV  is  dif- 
ficult to  define.  Most  of  today's  ICU  ventilators  al- 
low peak  airway  pressures  of  about  100  cm  H2O. 
When  one  considers  the  potential  difficulties  en- 
countered in  ventilating  patients  with  high  airways 
resistance  and  the  lack  of  data  addressing  peak  air- 


way pressure  limitations.  100  cm  H2O  appears  to 
be  the  maximum  peak  airway  pressure  necessary 
on  the  basic  ICU  ventilator  and  on  transport  ven- 
tilators. Because  home  care  patients  are  stable  and 
do  not  require  high  airway  pressures,  I  propose  a 
maxmium  peak  airway  pressure  of  80  cm  H^O. 

During  pressure-limited  approaches  to  ventila- 
tion on  ICU  ventilators.  1  would  arbitrarily  limit 
maximum  pressure  to  60  cm  H;0.  Because  all  pres- 
sure-limited approaches  incorporate  decelerating- 
tlow  waveforms,  peak  inspiratory  pressure  closely 
approximates  peak  alveolar  pressure.  Considering 
the  data  reviewed  by  Marini  et  al.''-'''  Gattinoni  et 
al.^'  and  Hickling  et  aV'*  regarding  barotrauma.  60 
cm  H2O  appears  to  be  a  reasonable,  safe  upper  lim- 
it for  the  basic  ICU  ventilator. 

Future  Prospects 

It  is  obvious  to  the  reader  that  the  majority  of  the 
conclusions  I  have  drawn  regarding  minimal  es- 
sential gas  delivery  features  of  mechanical  ven- 
tilators are  based  on  my  clinical  experience  and  my 
interpretation  of  the  literature  (Table  10).  However. 

Table  10.     Minimal  Essential  Ranges  for  Ventilator  Variables 

ICU  Transport  Home 

Flow  (waveform)  Square  or      Square  or       Square  or 

sine  sine  sine 

Flowrate  (L/min)  20-120  20-120  20-100 

Vt(L)*  0.1-2.0  0.1-2.0  0.1-2.0 

Inspiratory  time  (s)  ^3  «  2  ^2 

I:E  «  1:1  «  1:1  «  1:1 

Pressure  Volume  1-100  1-100  1-80 

(cm  H:0) 

Pressure  PSV  1-60  —  — 

{cm  H:0) 

Rate  (per  min)  1-60  1-60 

PEEP(cmH:0)  1-30  1-30 


1-40 


*  Vj  =  tidal  volume;  I:E  =  inspiratory-expiratory  time  ratio;  PSV  = 
pressure  support  ventilation;  and  PEEP  =  positive  end-expiratory 
pressure. 
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the  one  conclusion  I  feel  comfortable  in  making  is 
that  data  arc  lacking  to  guide  our  description  of  the 
essential  features  of  mechanical  ventilators.  My 
hope  is  that  this  statement,  others  in  this  issue,  and 
the  Consensus  Statement  will  establish  dialogue 
and  foster  more  research  in  this  most  important  as- 
pect of  respiratory  care. 
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Introduction 

The  trigger  variable  is  defined  as  the  variable 
that  is  manipulated  to  deliver  inspiratory  flow.  Al- 
though triggering  comprises  only  a  small  part  of 
the  entire  inspiratory  cycle,  inappropriate  setting  or 
design  may  increase  the  patient's  effort  and  in- 
spiratory muscle  work.'  The  trigger  variable  may 
be  a  set  time,  pressure,  volume,  or  flow.  Time- 
triggering  operates  when  the  ventilator  delivers  a 
breath  according  to  a  set  frequency,  independent  of 
the  patient's  spontaneous  effort.-  With  pressure-, 
\olume-.  and  flow-triggering,  the  ventilator  de- 
livers a  breath  once  the  set  pressure,  volume,  or 
flow  sensitivity  is  attained,  independent  of  the  set 
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frequency.  Volume-triggering  has  not  been  com- 
monly used  and  at  this  writing  (1992)  is  available 
only  in  the  Driiger  Babylog  ventilator.-  My  dis- 
cussion focuses  on  the  basic  characteristics  of  the 
pressure-  and  flow-trigger  variables  of  a  micro- 
processor-based ventilator,  and  the  extent  to  which 
these  variables  affect  inspirators'  muscle  work  dur- 
ing spontaneous  and  mandatory  (assisted)  breaths.  I 
developed  this  information  from  working  with  the 
Puritan-Bennett  72()()a  ventilator  (P-B.  Puritan- 
Bennett  Corp,  Carlsbad  CA).  It  is  not  my  intention 
to  make  comparisons  among  the  different  \en- 
tilators.  but.  where  necessary,  other  ventilators  will 
be  mentioned  for  illustrati\e  purposes. 

Pressure-Triggering  in  a  Demand-Flow  System 

In  a  demand-now  system,  the  trigger  \ariable  is 
a  set  pressure  that  must  be  attained  at  the  onset  of 
inspiration  for  the  ventilator  to  deli\er  fresh  gas 
into  the  inspiratory  circuit.  Pressure  .sensitivity  is 
commonly  expressed  with  a  negative  sign  but.  to 
avoid  possible  confusion,  the  negative  sign  is  omit- 
ted in  this  text.  Hence,  an  increase  or  decrease  in 
sensitivity  means  an  increase  or  decrease  in  the  ab- 
solute value.  Most  microprocessor-based  ventilators 
use  pressure-triggering  to  initiate  both  inaiidaioiA 
breaths  (assist-controi.  or  ,'\C:  and  synchronotis  intcr- 
iiiiltent  mandatory  ventilation,  or  SIMV)  and  spon- 
taneous breaths  (continuous  positive  airway  pressure, 
or  CPAP;  SIMV:  and  pressure  support  ventilation,  or 
P.SV). 
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VENTILATOR  DESIGN:  THE  TRIGGER  VARIABLE 


I  will  first  discuss  pressure-triggering  during 
spontaneous  breathing  (CPAP).  When  the  pressure 
wavelbnn  (measured  at  the  proximal  end  of  the  en- 
dotracheal tube)  in  early  inspiration  is  analyzed,  it 
can  be  seen  to  consist  of  two  parts:  (A)  from  the 
onset  of  inspiratory  effort  to  measured  trigger  sen- 
sitivity and  (B)  frtim  nieasured  trigger  sensitivity  to 
maximum  pressure  drop  (Fig.  1 ). 

In  Part  A.  the  patient  generates  an  effort  while 
the  pneumatic  system  on  the  inspiratory  side  and 
the  e\halatii)n  valve  remain  closed.  The  slope  of 
Part  A  is  determined  by  patient  inspiratory  muscle 
strength  and  drive.  Part  A  consists  of  two  intervals: 
( 1 )  the  time  for  pressure  within  the  patient  circuit 
\o  decline  lo  the  true  trigger  threshold  tin  this  ex- 
ample 1  cm  H^O)  and  (2)  the  response  time  of  the 
pneumatic    system    it.self   once    this    threshold    is 


reached  (approximately  6  ms)  and  the  time  due  to 
other  factors  that  may  lengthen  or  shorten  the  dura- 
tion of  Part  A.  These  factors  include  ( 1 )  errors  due 
to  the  speed  of  the  pressure  signal,  (2)  errors  due  to 
digital  sampling  of  the  transducer,  (3)  errors  in  the 
pressure-transducing  circuit.  (4)  discrepancies  be- 
tween set  and  actual  positive  end-expiratory 
pressure  (PEEP),  and  (5)  circuit  noise,  PEEP-loss 
compensatory  flow,  or  any  other  ventilator-based 
correction  routine. 

Errors  Due  to  the  Speed  of  the  Pressure  Signal 

Pressure  signals  travel  at  the  speed  of  sound,  ap- 
proximately 1  foot/ms  at  sea  level.  The  pressure 
transducer  that  senses  the  set  sensitivity  for  flow 
output  within  the  ventilator  is  separated  from  the 
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Fig.  1 ,  Pressure-triggered  or  demand-flow  system  applied  to  a  mechanical  lung  model.  Pressure  is  measured  at  the  prox- 
imal end  of  thie  endotracheal  tube  (7.5  mm),  and  transbellows  pressure  and  flow  tracings  are  generated  using  a  one- 
compartment  computer-driven  mechanical  lung  model  (tidal  volume  of  500  mL,  a  rapid  ascending  and  gradual  de- 
scending ramp  flow  waveform  at  a  rate  of  45  L/min,  and  compliance  of  25  ml/cm  HjO)  ventilated  with  a  demand-flow 
CPAP  system  set  at  a  CPAP  level  of  0  cm  H2O  without  a  humidifier  (Puritan-Bennett  7200a).  Part  A,  trigger  phase  =  from 
onset  of  inspiratory  effort  to  onset  of  flow  delivery.  Flow  is  slightly  detectable  during  Part  A  as  a  result  of  circuit  length 
and  compliance.  Part  B,  post-trigger  phase  =  from  measured  trigger  sensitivity  to  maximum  pressure  drop.  Inset:  A-1  is 
from  onset  of  inspiratory  effort  to  set  sensitivity  or  trigger  threshold;  A-2  is  from  trigger  threshold  to  onset  of  inspiratory 
flow.  See  text  for  further  explanation.  CPAP  =  continuous  positive  airway  pressure;  DT  =  time  delay  from  onset  of  in- 
spiratory effort  (negative  deflection  of  transbellows  pressure)  to  onset  of  flow;  t,  =  inspiratory  time. 
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patient  Y  (at  which  pressure  is  recorded)  by  60 
inches  of  tubing,  while  the  patient  Y  is  60  inches 
from  the  pneumatic  system.  Thus,  it  will  take  a 
minimum  of  a  lO-ms  delay  from  the  time  the  pneu- 
matic valve  is  signaled  to  open  until  the  just- 
initiated  flow  reaches  the  patient  Y. 

Errors  Due  to  Digital  Sampling  of  the  Pressure 
Transducer 

Microprocessor-based  systems,  by  design,  oper- 
ate in  discrete  time  rather  than  continuous  time. 
This  means  that  the  pressure  transducer  measuring 
patient-circuit  pressure  is  polled  every  X  ms.  rather 
than  continuously.  The  average  increase  to  Part  A 
(ie.  the  polling  lime)  is  therefore  X/2  ms.  For  ex- 
ample, the  20-ms  sampling  time  in  the  P-B  7200a 
increases  the  duration  of  Part  A  an  average  of  10 
ms. 

Errors  in  the  Pressure-Transducing  Circuit 

Transducers  of  the  quality  found  in  life  support 
devices  exhibit  an  error  described  by  the  term  ± 
(0.1  -I-  3.0  '/f  of  reading  in  cm  H;0)  according  to  a 
1991  personal  communication  from  Warren  San- 
born PhD.  Puritan-Bennett.  Thus,  when  PEEP  is 
zero,  the  pressure-sensing  transducer  exhibits  an  er- 
ror of  ±  [0.1  +(?>.0  ■  0)].  or  0.1  cm  H.O.  A  minus 
error  shortens  and  a  plus  error  lengthens  Part  A. 

Errors  Due  to  Discrepancies  between  Set  and 
Actual  Positive  End-Expiratory  Pressure 
(PEEP) 

The  presence  of  intrinsic  PEEP  (auto-PEEP)  in- 
creases the  .sensitivity  relative  to  the  set  sensitivity, 
causing  Part  A  to  lengthen.  Conversely,  with  a  set 
PEEP  value,  leaks  in  the  patient  circuit  decrea.se 
the  actual  sensitivity  relative  to  the  set  sensitivity, 
shortening  Part  A. 

Errors  Due  to  Noise  in  the  Patient  Circuit 

Such  noise  includes  PEEP-loss  compensatory 
flow  or  any  other  ventilator  correction-based  rou- 
tine aimed  at  enhancing  transducer  sensitivity  or 
accuracy.  The  baseline  pressure  signal  (as  "seen'  by 


the  pressure  transducer)  is  rarely  'clean,'  or  free  of 
noise.  The  addition  of  signal  filtering  increases  the 
time  required  to  verify  that  an  apparent  trigger  sig- 
nal is  a  true  trigger  signal.  When  a  PEEP  value  is 
selected,  patient-circuit  pressure  declines  when  cir- 
cuit leaks  occur.  If  the  decline  in  pressure  equals 
the  trigger  threshold,  the  ventilator  autocycles.  Cor- 
rection for  those  problems  usually  entails  in- 
creasing the  magnitude  of  the  sensitivity  setting, 
which  lengthens  Part  A.  .Attempts  to  design  a  cor- 
rection feature  into  the  ventilator's  operation  may 
yield  measured  success,  but  usually  at  the  expense 
of  lengthening  Part  A. 

The  time  components  of  pressure-triggering  are 
illustrated  in  Figure  1.  I  obtained  the  tracings  from 
a  mechanical  lung  model  ventilated  with  demand- 
flow  CPAP.  If  we  consider  a  perfect  s)  stem  w  ith  a 
set  sensitivity  of  1  cm  HjO,  a  CPAP  level  of  0  cm 
H2O,  and  a  slope  of  1.5  cm  H;O/100  ms  during 
Part  A.  67  ms  must  elapse  for  pressure  at  the  prox- 
imal end  of  the  endotracheal  tube  (at  the  Y)  to  de- 
cline 1  cm  H;0.  Ten  additional  milliseconds  must 
be  added  to  account  for  the  speed  of  the  pressure 
signal  (as  described  earlier).  Thus,  even  with  a  per- 
fect system,  a  delay  time  of  77  ms  is  required  be- 
fore flow  delivery  occurs.  Realistic  additional  de- 
lays include  an  average  of  10  ms  due  to  transducer 
polling  (range  0-20  ms).  6.7  ms  due  to  an  allowable 
0.1 -cm  HoO  error  in  the  pressure  transducer,  and  6 
ms  due  to  the  response  time  of  the  proportional  so- 
lenoid valve,  for  a  total  of  22.7-32.7  ms  (con- 
sidering a  maximum  polling  time).  As  shown  in 
Figure  1.  for  a  total  delay  time  of  1 15  ms  from  the 
onset  of  inspiratory  effon  to  the  onset  of  flow 
measured  at  the  Y.  the  additional  errors  account  for 
38  ms  (Fig.  1.  inset).  This  suggests  that  the  entire 
pneumatic  system  still  experiences  unexplained  de- 
lays of  5.3-15.3  ms. 

Once  flow  begins,  pressure  measured  at  the  Y 
continues  to  decline  (Part  B).  Although  Part  B  is  no 
longer  part  of  the  trigger  \ariahle.  it  is  essential  to 
discuss  it  within  this  context  to  be  able  to  dis- 
tinguish differences  in  inspiratory  muscle  work  im- 
posed by  pressure-  versus  flov\ -triggered  CPAP 
systems  (discus.sed  later).  The  continued  decline  in 
pressure  in  the  post-trigger  phase  (Part  B)  is  ex- 
plained by  insufficient  initial  tlow  delivery,  and  is 
a  function  of  the  \cntilator  How-pressure  control 
algorithm.  The  change  between  the  pressure  w ithm 
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the  circuit  (as  a  result  of  the  triggering)  and  a  target 
pressure  is  the  feedback  \ariable  most  commonly 
used  to  control  flow  and  pressure.  This  target  pres- 
sure in  the  demand-flow  system  of  the  P-B  7200a 
is  slightly  below  the  end-expiratory  airway  pres- 
sure (discussed  later).  The  pressure  gradient  be- 
tween circuit  and  target  pressures  is  sensed  at  t)ne 
of  these  sites:  inhalation  port,  exhalation  port,  or  Y. 

The  delivery  of  insufficient  initial  flow  may  re- 
sult in  an  excessive  airway  pressure  drop  (Fig.  1, 
Part  B)  and  can  result  in  increased  inspiratory  mus- 
cle work.'"*  A  demand-flow  CPAP  system  with  an 
inadequate  delivery  of  flow  in  early  inspiration  is 
shown  in  Figure  1.  At  0  cm  H^O  CPAP,  pressure 
measured  at  the  proximal  end  of  the  endotracheal 
tube  remains  below  atmospheric  pressure  and  in- 
creases slightly  above  atmospheric  pressure  near 
the  end  of  inspiration.  I  believe  that  this  phe- 
nomenon (ie.  the  insufficient  flow)  could  be  'tuned 
out"  if  it  were  possible  to  adjust  flow  gain.  How- 
ever, it  remains  to  be  determined  whether  an  ad- 
justable flow  gain  tailored  to  the  patient's  ven- 
tilatory demand  would  reduce  inspiratory  muscle 
work  significantly. 

During  volume-limited  (eg.  AC.  SIMV)  or  pres- 
sure-limited (eg,  PSV)  breaths,  the  trigger  phase 
(Part  A)  is  similar  to  that  during  CPAP.  In  the  post- 
trigger  phase,  alteration  of  the  peak  inspiratory 
flowrates^-^  or  adjustment  of  initial  flow  delivery^'* 
remain  essential  elements  in  meeting  the  patient's 
early  demand  for  flow  and  determining  inspiratory 
muscle  work. 

Flow-Triggering  in  the  Flow-By  System 

Flow-triggering,  also  referred  to  as  Flow-By,  is 
currently  available  for  CPAP  and  SIMV  (during 
both  spontaneous  and  mandatory  breaths)  only  in 
the  P-B  72()()a  ventilator.  I  believe  that  flow- 
triggering  will  soon  be  available  for  all  breaths,  in- 
cluding both  volume-  and  pressure-limited  breaths. 
The  tlow-by  system  consists  of  two  set  variables, 
the  base  flow  and  the  flow  sensitivity.  (Flow-By  is 
the  trademark  of  an  option  available  on  the  P-B 
7200  ventilator;  hereafter  in  this  paper  flow-by  will 
be  used  generically.)  The  ba.se  flow  can  be  set  be- 
tween 5  and  20  L/min,  while  the  flow  sensitivity 
can  be  set  from  as  low  as  I  L/min  to  a  maximum  of 
one  half  of  the  base  flow  value.  The  base  flow  con- 


sists of  fresh  gas  that  continuously  circulates  in  the 
inhalation  and  exhalatitxi  circuits,  which  may  result 
in  a  slight  PEEP.  This  base  flow  exits  through  the 
exhalation  port  and  is  measured  every  20  ms.  The 
patient's  earliest  demand  for  flow  is  satisfied  by  the 
base  flow.  The  tlow  sensitivity  is  computed  as  the 
difference  between  the  base  flow  and  the  exhaled 
tlow.  Thus,  flow  sensitivity  is  the  magnitude  of  the 
flow  (diverted  from  the  exhalation  circuit  into  the 
patient's  lungs)  that  causes  the  ventilator  to  trigger. 
As  the  subject  inhales,  and  the  flow  sensitivity  is 
reached  within  a  specific  20-ms  interval,  the  tlow- 
pressure  control  algorithm  is  activated,  the  pneu- 
matic valve  opens,  and  fresh  gas  is  delivered.  As 
with  pressure-triggered  demand-flow,  fresh  gas  at  a 
tlowrate  up  to  180  L/min  can  be  supplied,  if  need- 
ed, to  maintain  the  airway  pressure  at  the  preset 
CPAP  level.  During  the  trigger  phase  (Fig.  2,  Part 
C),  the  exhalation  valve  remains  partially  open,  but 
at  the  onset  of  gas  delivery  the  exhalation  valve  ei- 
ther closes  or  remains  partially  open,  depending  on 
the  magnitude  of  the  patient's  inspiratory  effort.  A 
vigorous  inspiratory  effort  effectively  closes  the  ex- 
halation valve. 

Differences  between  flow-by  and  demand-flow 
systems  can  be  examined  within  the  trigger  and 
post-trigger  phases.  Differences  within  the  trigger 
phase  are  primarily  related  to  the  time  delay  in 
opening  the  pneumatic  .system.  The  relationship 
among  measured  trigger  sensitivity,  time  delay 
from  the  onset  of  inspiratory  effort  to  the  onset  of 
flow  delivery,  and  set  trigger  sensitivity  for  both 
flow-by  and  demand-flow  systems  using  a  mechan- 
ical lung  model  is  illustrated  in  Figure  3A.  The 
measured  trigger  sensitivity  is  the  pressure  from 
the  end-expiratory  pressure  to  the  lowest  level  dur- 
ing the  trigger  phase.  Note  that  on  flow-by,  the 
flow  sensitivity  (and  not  the  measured  trigger  sen- 
sitivity) triggers  the  pneumatic  valve  to  open.  The 
time  delay  from  the  onset  of  inspiratory  effort  to 
the  onset  of  flow  at  the  minimum  set  sensitivity 
with  flow-by  of  I  L/min  is  only  slightly  less  than  at 
the  minimum  set  sensitivity  with  demand  flow  of 
0.5  cm  H:0  (65  vs  75  ms.  respectively)  (Fig.  3A). 
However,  at  the  set  sensitivity  that  is  commonly 
used  in  clinical  practice  of  2  L/min  on  flow-by  and 
1  cm  H2O  on  demand-flow,  the  time  delay  is  75  ms 
vs  115  ms,  respectively  (Fig.  3A).  More  important- 
ly, for  a  given  time  delay  (eg,  75  ms),  flow-by  re- 
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Fig.  2.  Flow-triggered  or  flow-by  system  applied  to  a  mectianical  lung  model  at  a  CPAP  level  of  0  cm  H2O.  Settings  of 
mechanical  lung  model  are  the  same  as  in  Figure  1.  Part  C  =  from  inspiratory  effort  to  opening  of  the  pneumatic  system. 
Flow  during  Part  C  is  provided  by  the  base  flow.  Note:  Airway  pressure  remains  at  or  above  atmospheric  pressure,  act- 
ing as  a  small  inspiratory  pressure-assist  due  to  the  relatively  optimal  flow-control  algorithm.  The  measured  trigger  sen- 
sitivity of  0.5  cm  H2O  IS  not  the  actual  sensitivity  that  triggers  the  pneumatic  system  to  open.  See  Figure  1  for  definition  of 
abbreviations. 


quires  a  set  sensiti\it\  of  2  L/min  while  demand- 
flow  requires  0.5  em  H;0.  The  latter  is  a  \erv  sen- 
sitive setting  that  may  cause  autocycling. 

During  the  trigger  phase,  the  eftect  of  flow-  and 
pressure-triggering  on  the  pressure-time  product  is 
essentially  unknown.  Because,  during  the  trigger 
phase,  changes  in  lung  volume  are  negligible  with 
both  flow-  and  pressure-triggering,  the  pressure- 
time  product  (an  estimate  of  the  oxygen  consump- 
tion ol  the  inspirator)  nuiscles''  "  )  would  be  an  ap- 
propriate parameter  to  measure.  Substituting  meas- 
ured trigger  sensitivity  in  Figure  .^  with  changes  in 
iransbellows  pressure  (AP,h).  the  transbellous  pres- 
sure-time product  duruig  the  trigger  phase  can  be 
assessed  (Fig.  3B).  AP,^  is  the  change  in  P,t,  from 
the  onset  of  inspiratory  effort  to  the  onset  of  flow 
deli\ery.  The  slopes  of  the  relationship  between 
APih  and  the  iniic  delay  for  both  How-  and  pres- 
sure-triggering are  not  significantly  different. 
Hence,  for  a  given  time  delay,  the  AP,|,-time  prod- 
uct of  both  flow-  and  pressure-triggering  is  similar. 


Because  the  total  time  dela\  with  flow -triggering  is 
rclatnely  short,  the  pressure-time  product  during 
the  trigger  phase  would  be  less  than  with  pressure- 
triggering.  However,  with  the  improved  design  of 
microprocessor-based  \entilators  and  a  relativeh 
sensiti\e  trigger  setting  used  in  clinical  practice, 
the  effect  of  flow-  or  pressure-triggering  on  the 
pressure-time  product  is  probably  small.  Yet.  a  pro- 
longed time  delay  with  pressure-triggering  may  re- 
sult In  patient  discomfort  anel  d\spnea.'"''' 

Becau.se  of  the  current  design  of  the  flow- 
pressure  control  algorithm,  flow-by  is  more  re- 
sponsi\e  to  patient  ventilators  demand  during  the 
post-trigger  phase  than  is  demand-flow.  Immedi- 
ately after  the  trigger  sensitivity  is  attained,  airway 
pressure  increases  and  is  maintained  above  atmos- 
pheric pressure  throughout  the  inspirators  cycle, 
acting  as  a  small  i!is|iiialor\  pressure-assist  (Fig. 
2).  Once  triggering  has  occurred,  as  with  demand- 
flow,  the  gradient  between  the  pressure  within  the 
circuit  and  a  target  pressure,  rather  than  flow,  re- 
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Fig.  3A.  The  relationship  between  measured  trigger 
sensitivity  (pressure  drop  at  the  Y  just  before  the  open- 
ing of  the  pneumatic  system),  total  delay  time  from  the 
onset  of  inspiratory  effort  to  the  onset  of  flow  delivery, 
and  set  trigger  sensitivity  for  both  demand-flow  (•)  and 
flow-by  (o)  using  a  mechanical  lung  model  (tidal  vol- 
ume 500  mL,  a  gradual  ascending  and  descending 
ramp  flow  at  40  LVmin,  and  compliance  25  mL/cm  HjO, 
with  an  endotracheal  tube  size  9.0  mm).  Numbers  next 
to  symbols  are  the  set  sensitivity  in  cm  H2O  for  demand- 
flow  and  Umin  for  flow-by.  It  should  be  noted  that  the 
measured  trigger  sensitivity  (cm  H2O)  for  flow-by  is  not 
the  sensitivity  that  triggers  the  pneumatic  system  to 
open.  The  dashed  line  is  the  line  passing  through  the 
minimum  delay  time  (65  ms)  of  set  flow  sensitivity  of  1  U 
min.  For  a  demand-flow  system,  for  the  same  minimum 
delay  time,  pressure  sensitivity  has  to  be  set  at  <  0.5  cm 
H2O.  The  latter  exceeds  the  sensitivity  limit  of  the  ven- 
tilator. 


mains  the  feedback  parameter  sent  to  the  ventilator. 
In  flow-by.  this  target  pressure  is  slightly  above  the 
end-expiratory  airway  pressure.  Figure  2  dem- 
onstrates the  pressure  tracing  measured  at  the  Y  of 
a  mechanical  lung  model  ventilated  with  a  flow-by 
CPAP  of  0  cm  H.O.  set  base  flow  of  10  L/min.  and 
flow  sensitivity  of  1  L/min.  In  the  immediate  post- 
trigger  phase,  pressure  increases  and  is  maintained 
abo\e  atmospheric  pressure  throughout  inspiration, 
suggesting  the  adequate  response  of  the  flow- 
pressure  control  algorithm  in  comparison  to  de- 
mand-flow (Fig.  1).  Differences  in  the  post-trigger 


250 
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Fig.  3B.  The  relationship  between  changes  in  trans- 
bellows  pressure  (APm)  and  the  total  delay  time  during 
the  tngger  phase.  In  Figure  3,  APm  is  substituted  for 
measured  trigger  sensitivity.  APib  is  the  change  in  trans- 
bellows  pressure  from  the  onset  of  inspiratory  effort  to 
the  onset  of  flow  delivery.  The  slope  of  the  relationship 
for  demand-flow  (•)  is  not  significantly  different  from  that 
for  flow-by  (o).  Y  =  0.04X  -  1 .77  for  demand-flow,  and  Y 
=  0.03X- 0.75  for  flow-by. 


phase  account  for  increases  in  inspiratory  muscle 
work  imposed  by  demand-tlow.'''  The  functional 
characteristics  of  demand-flow  and  flow-by  sys- 
tems are  summarized  in  Table  1 . 

Effects  of  Circuit  Pressure-Sensing  Sites 
on  the  Trigger  Variable 

Conventionally,  pressure  in  the  patient  circuit  is 
sensed  in  one  of  three  locations  to  determine 
whether  circuit  pressure  has  reached  the  trigger 
threshold:  the  exhalation  port  (P-B  7200a,  IRIS  A. 
Siemens  9()0C).  the  inhalation  port  (typically  "in- 
side" the  ventilator.  Hamilton  Veolar),  or  the  pa- 
tient Y  (Bear  5).  Wherever  pressure  is  sensed,  the 
physical  location  of  the  pressure  transducer  is  with- 
in the  ventilator's  electronics. 

During  the  trigger  phase  with  demand-flow,  the 
patient  circuit  is  a  closed  system  (ie.  the  pneumatic 
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Open 
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to  circuit 

riow 
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Time  delay 
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Post-Trigger  Phase: 

Exhalation  \alve 

Closed 

Open  or  closed 

Feedback  signal 
for  flow  -pressure 
control 

Target  pressure 
tor  flow-pressure 
control 


depending  on 
patient  elTort 

Circuit  pressure     Circuit  pressure 


Below  end- 
expiratory 
pressure,  hence 
may  result 
in  under- 
delivery of 
flow  (in  sonic 
ventilators) 


Above  end- 
expiratory 
pressure,  hence 
the  relatnely 
optimal  t]ov. 
deli\erv 


the  manufacturer  or  the  operator,  ie.  a  pressure  sup- 
port le\el)  is  reached,  and  flow  is  modulated  to 
maintain  pressure  in  the  patient  circuit  within  a  con- 
tiol  hand  around  the  target  pressure.  As  mentioned 
earlier,  in  the  demand-flow  system  of  the  P-B 
720()a.  this  target  pressure  is  slightly  below  baseline 
PEEP,  whereas  in  the  tlow-by  system,  it  is  slightly 
abo\e  the  baseline  PEEP  (Fig.  6).  The  feedback 
signal  to  the  \entilator  How-pressure  controller  is 
the  pressure  gradient  between  the  sensed  circuit 
pressure  and  the  controller's  target  pressure. 

To  gain  insight  nito  the  issue  of  pressure-sensing 
and  tlovs  control,  a  healthy  \oluriteer  was  asked  to 
breathe  through  the  ventilator  via  a  mouthpiece. 


PRESSURE  AT 
PROXIMAL  ET  TUBE 


THANSBELLOWS 
PRESSURE 


EXHALATION    PORT 


system  on  the  inspiratory  side  and  the  exhalation 
\al\e  are  closed).  Therefore,  all  three  locations 
\  icid  an  ci|iii\alenl  [tressure  signal  ti[i  to  the  mo- 
ment of  gas  delivery.  With  llow-bv.  triggering  is 
based  on  How  sensiti\it>.  Hence,  with  both  sys- 
tems, the  location  of  the  circuit  pressine-sensing 
hue  is  of  no  ctiiisc(.|tiencc  during  (he  tnggei"  phase. 
Figures  4  and  5  illustrate  this  idcnlical  pressure- 
lime  trace  during  the  trigger  jihase  lor  both  de- 
mand-llow  and  tlow-by. 

During  the  post-trigger  phase,  for  both  demand- 
flou  and  flou-bv.  the  change  in  cnciiil  iiressme  is 
the  feedback  signal  to  activate  the  flow -pressure 
control  algorithm.  Once  triggering  opens  the  pneu- 
matic valve,  circuit  pressure  increases  either  grad- 
iiallv  or  ia[iKll\.  ilepending  on  (he  gam  of  the  flow 
controller  and  the  impedance  at  the  patient  ">  \i 
some  finite  time,  a  target  pressure  (a  value  set  by 


Fig.  4.  Effect  of  circuit  pressure-sensing  sites  (ie.  ex- 
halation port,  inhalation  port,  and  patient  Y)  on  pres- 
sure drop  measured  at  the  proximal  end  of  the  endo- 
tracheal tube  with  the  demand-flow  CPAP  system 
(mechanical  lung  model).  Settings  of  lung  model  are  the 
same  as  in  Figure  ^.  Superimposed  pressure  tracings 
are  pressures  of  three  separate  breaths  measured  with 
a  pressure  transducer  at  tfie  Y.  During  the  trigger 
phase,  pressures  are  identical  for  all  three  locations 
(exhalation  port,  inhalation  port,  and  patient  Y).  During 
the  post-trigger  phase,  a  marked  pressure  difference  is 
observed  between  that  labeled  inhalation  port  and  the 
exhalation  port  or  patient  Y.  Pressures  labeled  exhala- 
tion port  and  patient  Y  reflect  actual  pressure  within  the 
circuit  sensed  by  the  ventilator.  This  is  because  the 
ventilator  algorithm  (P-B  7200a)  is  designed  to  sense 
pressure  at  the  exhalation  port.  Conversely,  pressure 
labeled  inhalation  port  is  not  the  actual  pressure 
sensed  by  the  ventilator.  See  text  for  detailed  explana- 
tion. See  Figure  1  for  definition  of  abbreviations. 
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Fig.  5.  Effect  of  circuit  pressure-sensing  sites  on  pres- 
sure drop  measured  at  the  proximal  end  of  the  endo- 
tracheal tube  on  flow-by  CPAP  system.  Note  that  the 
trigger  sensitivity  indicated  by  the  arrow  marks  only  the 
degree  of  pressure  drop  and  not  the  actual  sensitivity 
that  triggers  the  pneumatic  system  to  open.  See  Figure 
4  and  text  for  further  explanation. 


Circuit  pressures  were  measured  simultaneously  at 
the  e.xlialation  port  (A),  the  inhalation  port  (B).  and 
the  patient  Y  (C).  Flow  was  measured  at  the  Y  with 
a  pneumotachograph  while  the  subject  was  breath- 
ing quietly,  first  on  demand-tlow,  and  then  on 
now-b\  I  Fig.  6).  Note  that  the  P-B  7200a  senses 
circuit  pressure  at  the  exhalation  pe)rt.  With  respect 
to  the  demand-tlow  breath,  there  are  minor  differ- 
ences between  the  A  and  C  pressure  tracings,  while 
B  exhibits  major  differences  compared  to  A  and  C. 
These  differences  are  readily  explained  by  ex- 
amining the  physics  of  How  deli\ery  and  pressure 
measurement  relative  to  the  patient  circuit.  Before 
the  triggering  of  the  pneumatic  system,  the  patient 
circuit  was  closed.  As  the  subject  inhaled,  pressure 
within  the  circuit  decreased  uniformly.  However, 
once  flow  delivery  began,  a  pressure  gradient  be- 
came established  across  the  inspiratory  circuit  due 
to  the  resistance  of  the  circuit.  Because  the  exhala- 
tion circuit  experienced  no  such  flow,  pressure 
should  have  remained  equal  throughout  that  tubular 
volume.  Separation  of  A  and  C  b\  a  filter  barrier  is 
inconsequential  during  triggering  and  inspiration 
because  the  closed  exhalation  circuit  transmits  only 
pressure  and  not  How .  A  partially  occluded  filter  is 
an  impediment  only  to  exhalation.  The  pressure 
gradient  between  B  and  C  is  just  the  amount  nec- 
essary to  drive  the  How  into  the  subject's  lungs. 

The  traces  seen  for  the  tlovv-by  breath  are  ex- 
plained by  similar  analysis.  With  this  configura- 


tion, the  ec|ui\alcnce  o\'  the  A  and  C  traces  is  in- 
fluenced by  the  aggressi\eness  of  the  inspiratory 
clfort.  During  How -triggering  the  exhalation  \al\e 
remains  open.  Even  after  triggering,  excess  flov\ 
can  escape  through  the  valve.  Thus,  Traces  A  and 
C  may  exhibit  minor  differences,  depending  on  the 
delivered  How  and  the  subject's  inspiratory  effort; 
but.  as  w  itii  the  demand-now  example,  the  pressure 
increase  noted  in  Trace  B  compared  lo  C  represents 
the  pressure  gradient  required  to  drive  the  How  into 
the  subject's  lung. 

Before  interpreting  the  relevance  of  the  sensing 
location  to  tlov\  deli\er\'.  consider  a  more  con- 
trolled experiment  (Figs.  4  &  5).  For  these  studies. 
spontaneous  breathing  was  accomplished  with  a 
computer-driven  mechanical  lung.  The  pressure- 
sensing  site  could  be  moved  on  successive  breaths 
because  every  breath  is  identical.  As  before,  flow 
was  measured  at  the  Y.  Figure  4  is  a  composite  of 
three  superimposed  breaths  separately  recorded 
during  demand-How  trials.  Pressure  was  sensed  at 
each  of  the  three  locations.  The  upper  three  traces 
show  the  pressure  measured  at  the  proximal  end  of 
the  endotracheal  tube  when  sensing  was  conducted 
at  the  three  ditterent  locations.  Also  shown  in  the 
figure  are  the  (low  and  the  transbellows  pressure 
traces. 

Analysis  of  the  three  superimposed  traces  il- 
lustrates the  issues  surrounding  the  pressure- 
sensing  site  relative  to  concurrently  observed  in- 
spiratory muscle  work.  Again  with  respect  to  the 
trigger  phase,  all  three  pressure-sensing  sites  yield 
equivalent  pressure  traces  measured  at  the  Y. 

During  the  post-trigger  phase,  pressure  at  the  Y 
is  modestly  to  markedly  affected  by  the  choice  of 
the  sensing  site.  Whether  the  sensing  site  is  at  the 
patient  Y  (C)  or  exhalation  port  (A),  the  trans- 
bellows  pressure  curves  exhibit  little  difference. 
Placing  the  sensing  site  at  the  inhalation  port  (B) 
affects  both  pressures  at  the  patient  Y  and  trans- 
bellows  pressure.  Explanation  of  these  discrep- 
ancies follows  from  the  design  of  the  flow-pressure 
control  algorithm.  With  pressure-sensing  at  B.  a 
smaller  pressure  gradient  between  circuit  pressure 
and  target  pressure  is  fed  back  to  the  ventilator 
(Fig.  6).  This  results  in  an  underdelivery  of  flow; 
transbellows  pressure  becomes  more  negative,  sug- 
gesting that  relatively  more  work  is  required  to  sus- 
tain  inspiration.  When  this  same  protocol   is  re- 
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DEMAND-FLOW   SYSTEM 


FLOW-BY   SYSTEM 
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Fig.  6.  Simultaneous  measurements  of  pressures  within  the  circuit  using  three  pressure  transducers  placed  at  the  ex- 
halation port  (A),  inhalation  port  (B),  and  patient  Y  (C)  during  demand-flow  and  flow-by  CPAP.  These  data  were  ob- 
tained by  having  a  normal  subject  breathe  quietly  through  a  mouthpiece  at  a  CPAP  level  of  0  cm  H2O.  A  pneu- 
motachograph was  placed  at  the  patient  Y  for  measurement  of  flow.  Note  that  the  pressure-sensing  location  remains  at 
the  exhalation  port.  The  pressure  gradient  between  circuit  pressure  (Pq,,)  a^^d  the  target  pressure  band  (shaded  area)  is 
small  when  measured  at  the  inhalation  port  (B).  This  pressure  gradient  represents  the  feedback  signal  to  activate  the 
flow-pressure  control  algorithm  if  the  pressure-sensing  line  were  located  in  the  inhalation  port.  Notice  that  P^r  may  over- 
shoot target  pressure  with  both  demand-flow  and  flow-by  because  of  the  inherently  imperfect  controller.  See  text  for  fur- 
ther explanation. 


pealed  for  the  flow-by  system,  llie  results  are  qual- 
itali\el\  equixalenl. 

In  nuKlerii  inicio|iroeessi)r-based  \enlilati)rs. 
modeling  of  the  patient  eiieuil  with  an  optimal  How 
delivery  could  be  aehie\ed  regardless  of  the  sens- 
ing location.  What  remains  to  be  assessed  are  the 
ad\anlages  and  disad\aiitages  atirihLitable  to  sens- 
ing at  the  three  locations,  which  are  summari/ed  m 
■fable  2. 

(ii\eii  the  knowledge  th.il  |iressu!e-sensing  al 
the  V  eonlains  the  most  relevant  mloiination  before 
gas  flow  leaves  the  patient  eireuit  and  enters  the  pa- 
tient lungs,  it  must  be  determined  whether  this  lo- 
cation provides  the  optimal  location  to  measure 
these  jiressures.  The  good  mechanic, il  |iroleclion  at 
the  exhalation  port  (.\)  permils  ai.ciirale  reading  of 


the  pressmes  seen  at  the  Y  during  inhalation,  but 
(.lurmg  exhalation,  expiratorv  pressures  are  umier- 
estiniatei.1  al  ihis  location,  fhe  mhalalu>n  |iorl  is 
also  mechanieallv  well  proiecled.  bul  inspiratory 
pressures  overesliniate  the  reading  al  the  Y.  H.x- 
piratorv  pressures  aeeuralelv  retlecl  those  read  at  the 
^■.  .Sensing  at  the  palieni  Y  reads  'oiiiiniar  pressures 
during  inspiration  and  expiration,  but  the  mechanical 
env  ironmenl  is  abusive.  However,  with  good  main- 
tenance ot  the  ixilieni  eireuit.  a  reasonable  level  of 
oiieralor  skill,  .ind  gooi.1  knowledge  of  the  applica- 
tion of  |-iressure  sLi|i|iorl.  anv  of  the  three  locations 
pix)vides  adequate  ventilator  performance.  Altern- 
atively, the  pres.sure-.sensing  site  can  be  in  both  the 
exhalation  and  inhalation  poits  to  read  accurate  pres- 
sures  at    the   Y   during    mspiralorv    and   expiratory 
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Table  2.    Advantages  and  Disadvantages  of  the  Different  Circuit  Pressure-Sensing  Sites 


Advantages 


Disadvantages 


A.  Exhalation  Port 

Well-protected  from  mechanical  abuse. 

During  inhalation,  accurately  reads  pressure  at  the  Y. 

During  inhalation,  increases  in  inspiratory-  or  expiratory-circuit 

resistance  do  not  compromise  inspiratory- (low  initpul,  except  for 

manvfold  increases. 


Requires  protection  from  moisture  of  exhaled  gas. 

During  exhalation,  underestimates  pressure  at  the  Y. 

During  exhalation,  increases  in  expiratory-circuit 
resistance  compromise  expiratory  How.  Hence,  system 
requires  well-maintained  expiratory  filter  to  ensure  that 
expiratory-circuit  resistance  remains  low. 


Iiiliahitum  Port 

Well-protected  from  mechanical  abuse. 

Does  not  require  protection  from  moisture  or  additional  filters. 

During  exhalation,  accurately  reads  pressure  at  the  Y  as  long  as  the 

inspirator,  circuit  remains  patent. 
During  inhalation,  increases  in  expiratory-circuit  resistance 

do  not  compromise  inspiratory-flow  output. 


C.  Patient  Y 

During  inhalation  and  exhalation,  accurately  reads  both  inspiratory 

and  expiratory  pressures. 
Pressure  readings  reflect  relative  condition  of  inspiratory  and 

expiratory  circuits. 


During  inhalation,  overestimates  pressure  at  the  Y. 

During  inhalation,  increases  in  inspiratory -circuit 
resistance  compromise  inspiratory-flow  output. 
For  example,  factors  such  as  selection  of  humidifier 
and  type  of  patient  circuit  yield  varying  patient 
inspiratory  effort  for  fixed  ventilator  settings; 
however,  most  of  these  problems  can  be  corrected 
with  the  use  of  pressure  support  ventilation. 


Susceptible  to  mechanical  abuse. 

Requires  a  separate  pressure-sensing  tube,  which 
is  prone  to  occlusion,  blockage,  and  disconnection, 
all  of  which  prevent  sensing  of  patient  effort. 


events,  respectively.  This  dual  pressure-sensing  de- 
sign would  provide  the  advantages  of  sensing  at  the 
Y  while  eliminating  its  disadvantages. 

The  Trigger  Variable  and 
Inspiratory  Muscle  Work 

In  this  section,  1  discuss  the  effect  of  the  trigger 
variables  on  inspiratory  muscle  work  during  spon- 
taneous breathing  (CPAP)  and  synchronous  inter- 
mittent mandatory  ventilation  (SIMV). 

Several  studies  have  shown  that  during  spon- 
taneous breathing  with  CPAP,  inspiratory  muscle 
work  (W,)  is  partly  determined  by  the  CPAP  sys- 
tem.'^ '^  From  the  earlier  discussion,  it  can  be  pre- 
dicted that  the  excessive  airway  pressure  drop  dur- 
ing early  inspiration  (ie,  post-trigger  phase)  retlects 
increased  W,  during  pressure-triggering  or  demand- 
tlow  CPAP.  Indeed,  this  has  been  consistently 
shown  in  studies  of  healthy  subjects'^  and  intubated 
patient.s'*'''"'  that  compared  W,  on  the  demand-tlow 
and  continuous-flow  systems  (the  latter  is  con- 
sidered to  be  the  'gold  standard'  of  a  CPAP  sys- 
tem). What  the  minimum  tolerable  amount  of  work 


imposed  by  the  demand-flow  system  should  be  is 
unclear.  Based  on  studies  performed  on  mechanical 
lung  models,  most  demand-tlow  systems  of  micro- 
processor-based ventilators  do  not  appear  to  impose 
excessive  work.'^  However,  as  exemplified  in  Fig- 
ures 7  and  8.  the  patient  ventilatoiy  demand  cannot 
be  ignored.  Figures  7  and  8  show  the  airway  pres- 
sure (Paw),  esophageal  pressure  (Pes),  tidal  volume 
( Vr).  and  flow  (V)  tracings  of  two  patients  without 
and  with  increased  ventilatory  demand,  while  on 
demand-flow  CPAP,  flow-by  CPAP,  and  PSV  of  5 
cm  H,0  at  a  CPAP  level  of  0  cm  H.O  (P-B  72()()a) 
for  15  minutes  each.  In  a  patient  without  a  high 
ventilatory  demand,  there  is  a  negligible  difference 
in  the  Pes  swings  between  the  demand-flow  and 
flow-by  .systems  (Fig.  7),  In  contrast,  in  a  patient 
with  a  high  ventilatory  deinand,  esophageal  pres- 
sure swings  on  demand-flow  double  those  on  flow- 
by  (Fig.  8).  The  application  of  PSV  of  5  cm  H.O 
eliminates  the  post-trigger  airway  pressure  drop 
seen  with  demand-flow,  and  results  in  a  noticeable 
decrease  in  respiratory  frequency.  Hence,  when 
flow-triggering  is  not  available,  the  work  imposed 
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DEMAND-FLOW  CPAP 


FLOW-BY  CPAP 


PRESSURE  SUPPORT 


0-^ 
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Fig.  7.  Airway  pressure  (Paw),  esophageal  pressure  (Pes),  tidal  volume  (Vj).  and  flow  (\)  tracings  of  a  patient  without  a 
high  ventilatory  demand  on  demand-flow,  flow-by  CPAP.  and  5  cm  H2O  pressure  support  at  a  CPAP  level  of  0  cm  H2O. 


DEMAND-FLOW  CPAP 


FLOW-BY  CPAP 


PRESSURE  SUPPORT 


o^mm-uf&m 


Pes 


10cm  HjO 


-I  10cm  H2O 


PRESSURE  SENSITIVITY  -Icm  HjO  BASEFLOW    10L/i"ln  -  FLOW  SENSITIVITY   2i;mln  PRESSURE  SENSITIVITY     -1   em  H,0 


Fig.  8.  Ainway  pressure  (Paw),  esophageal  pressure  (Pes),  flow  (V).  and  tidal  volume  (Vj)  tracings  of  a  patient  with  a  high 
ventilatory  demand  on  demand-flow,  flow-by  CPAP.  and  5  cm  H2O  pressure  support  at  a  CPAP  level  of  0  cm  H2O. 
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Table  3.    Inspirator)'  Muscle  Work  and  Maximal  Airway  Pressure  Drop  diirinj:  Coininuous-Hou.  FU)\\-B\.  and  Demand-Flow  CPAP 
and  during  Pressure  Support  of  5  cm  H;0* 


Continuous-Flow 


Flow-Bv 


Demand-Flow 


Pressure  Support 


WI.  J/L 
\V1.  J/min 
APa».cmH:0 


0.82(0.14) 
13.24(3.49) 
1.48(0.20)+ 


0.69  (0.1 2)t 
10.36(2.42) 
0.69  (0.40)+ 


1.00(0.16) 

15.87  (4.64) 

2.79  (0.42) 


0.67(0.15)t 
10.77  (2.99) 
1.65(0.50) 


*  Data  obtained  from  Reference  4  (with  permission)  at  CPAP  level  of  0  cm  HiO;  Values  are  mean  (SE);  n  =  9.  Flow-by  sensitivity  2  Umin.  base  flow 
10  Umin:  demand-flow  sensitivit>  -1  cm  H2O.  Wj  =  inspiratory  mu.scle  work,  APa„  =  maximum  airway  pressure  drop  from  end-expiratory  pressure, 
t  p  <  0.01  compared  to  demand-tlow  (analysis  of  variance). 
±  p  <  0.05  compared  to  demand-tlow  (analysis  of  variance). 


by  the  denian(j-tlo\v  system  can  he  minimized  by 
applying  a  small  amount  of  pressure  support. 

W,  on  the  flow-by  system  has  been  shown  to  be 
comparable  to  W,  on  continuous-flow  in  a  mechan- 
ical lung  model.''  In  a  study  of  patients  with  chron- 
ic obstructive  pulmonary  disease  who  were  ready 
to  wean,  my  co-workers  and  I  have  recently  dem- 
onstrated that  W,  (J/L)  and  work  rate  (J/min)  on 
flow-by  (sensitivity  2  L/min)  tends  to  be  less  than 
that  on  continuous-flow*  and  significantly  less  than 
that  on  demand-flow  v\ith  a  sensitivity  of  1  cm 
H.O  (Table  3).  On  the  flow-by  system,  the  base 
flow  values  have  no  significant  effect  on  W,."*  Dif- 
ferences in  W,  on  the  various  CPAP  systems  are 
not  related  to  alterations  in  respiratory  system  me- 
chanics, but  appear  to  be  related  to  the  maximal  air- 
way  pressure  drop  from  end-expiratory  airway 
pressure  (Table  3).  It  remains  to  be  detemiined 
whether  a  demand-flow  system  with  an  optimal 
flow-control  algorithm  that  will  maintain  airway 
pressure  at  or  above  the  end-expiratory  pressure 
w ill  result  in  a  comparable  degree  of  imposed  work 
as  with  the  flow-by  system.  Table  3  also  shows  that 
the  addition  of  5-cm  H2O  pressure  support  to  the 
demand-flow  system  decreases  W,  to  a  level  com- 
parable to  that  with  the  flow-by  system. 

During  SIMV,  mandatory  breaths  are  inter- 
spersed with  spontaneous  breaths.  With  flow-by 
SIMV,  flow-triggering  occurs  during  both  the 
spontaneous  and  the  mandatory  breaths.  SIMV  pro- 
vides an  opportunity  to  assess  the  effect  of  the  dif- 
ferent trigger  variables  on  W,  of  the  mandatory 
breath.'**  Unfortunately,  this  is  not  strictly  the  ca.se 
because  under  SIMV  conditions  the  preceding 
spontaneous  breaths  influence  W,  of  the  mandatory 


breaths.'''  Nevertheless,  at  the  present  time.  SIMV 
is  the  only  mode  available  for  such  comparison. 

During  mandatory  breaths  of  both  tlow-by  and 
demand-flow  SIMV,  the  extent  to  which  the  trigger 
variables  influence  W,  depends  on  the  set  sensitiv- 
ity. In  the  post-trigger  phase,  peak  inspiratory  flow- 
rates  affect  W,.'^-^  In  our  study  of  patients  recov- 
ering from  acute  respiratory  failure,  peak  inspira- 
tory flowrates  for  the  mandatory  breath.s  were  set  at 
a  constant  flow  of  60  L/min  on  both  flow-by  and 
demand-flow  SIMV.  W,  (J/L)  was  calculated  at 
various  SIMV  rates.  At  a  given  SIMV  rate,  W,  of 
the  mandatory  breath  on  flow-by  tended  to  be  low- 
er than  that  on  demand-flow,  but  the  difference  was 
not  statistically  significant  (Table  4).  A  similar 
trend  was  found  in  the  airway  pressure  drop  of  the 
mandatory  breaths.  As  expected,  W,  of  the  spon- 
taneous breath  was  significantly  less  on  flow-by 
than  on  demand-flow,  particularly  at  SIMV  rates  of 
40%  and  20%  of  the  assist/control  rate.  Thus,  based 
on  a  small  number  of  patients,  the  effect  of  flow-  or 
pressure-triggering  on  W,  of  the  mandator}'  breath 
seems  comparable.  Conversely,  during  the  spon- 
taneous breath,  trigger  variables  significantly  in- 
fluence W,. 

Summary 

Because  of  the  design  characteristics,  flow- 
triggering  appears  to  offer  measurable  advantages 
over  pressure-triggering,  particularly  during  spon- 
taneous breathing.  During  the  trigger  phase,  tlow- 
triggering  provides  a  relatively  shorter  time  delay 
than  pressure-triggering.  A  trigger  sensitivity  that 
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Table  4.    Inspirator)'  Muscle  Work  during  Flow-By  and  De- 
mand-FIou  Synchronous  Intermittent  Mandatory 
Ventilation 


iandatory 

Spontaneous 

Breath 

Breath 

(J/L) 

(J/L) 

Flow-by  60%*  0.28  (0.07)  0.36  (0.09) 

Demand-flow  609^  ().37(0.10|  0.57(0.11) 

Flow-by  40%  0.40  (0. 1 1 )  0.40  (0. 10)t 

Demand-flow  40%  0.46(0.12)  0.71(0.10) 

Flow-by  20%  0.35(0.07)  0.50(0.10)$ 

Demand-flow  20%  0.50(0.09)  0.81(0.12) 


*  Percent  of  rale  on  assist-control  (AC).  Mean  AC  rate  =  20  breaths/ 
min.  Mandatory  breath  settings  =  Vt  10  niL/kg.  peak  inspiratory 
flow  60  L/min.  square-wave  How  pattern.  Flow-by  sensitivity  2  U 
min,  base  tlow  10  L/min;  demand-flow  sensitivity  -1  cm  HiO. 
Values  are  mean  (SE).  n  =  8.  See  Table  3  for  definition  of  abbrevi- 
ations. 

t  p  <  0.05  compared  to  demand-flow  of  the  same  rate  (analysis  of 
variance). 

:);  p  <  0.01  compared  to  deniand-llow  of  the  same  rate  (analysis  of 
variance). 


does  not  cause  autocycling  can  be  set  while  a  short 
time  delay  is  maintained.  It  remains  to  be  de- 
termined whether  tlow-triggering  has  less  effect  on 
the  pressure-time  product  than  pressure-triggering. 

During  the  post-trigger  phase,  the  relatively  op- 
timal flow  delivery  with  flow-by  results  in  the 
maintenance  of  airway  pressure  at  or  above  the  end- 
e.xpiratory  airway  pressure  level.  This  accounts  for 
the  lower  level  of  inspiratory  muscle  work  observed 
with  flow-by  over  that  observed  with  demand-flow. 
Whether  inspiratory  muscle  work  on  a  demand-tlow 
system  with  optimal  tlow  delivery  will  be  similar  to 
that  on  flow-by  is  not  known.  With  a  flow-by  or  de- 
mand-flow system,  the  circuit  pressure-sensing  site 
influences  the  flow-pressure  control  algorithm  in 
the  post-trigger  phase  only.  In  microprocessor- 
based  ventilators,  the  shortcomings  seen  with  pres- 
sure-triggering during  the  post-trigger  phase  can  un- 
questionably be  overcome  with  a  better  ventilator 
algorithm  design  or  the  application  of  a  small 
amount  of  pressure  support.  However,  during  the 
trigger  phase,  the  impact  of  tliis  ofTort  is  less  clear. 


ACKNOWLEDGMENTS 

1  thank  Warren  Sanborn  PhD  and  Kees  Mahutte  MD  PhD 
for  their  critical  comments;  the  Puritan-Bennett  Corporation  for 
allowing  me  to  use  their  Research  Laboratory  to  generate  some 
of  the  data;  and  Steve  Gruer  BS.  Charles  Rheeman  BS.  and 
Romi  Lodia  MD  for  their  help  in  the  studies  on  patients. 


REFERENCES 

1.  Marini  JJ,  Capps  JS.  Culver  BH.  The  inspiratory  work 
of  breathing  during  assisted  ventilation.  Chest  1985;87: 
612-618. 

2.  Chatbum  RL.  A  new  system  for  understanding  mechanical 
ventilators.  RespirCare  1991  ;36:1 123-1 155. 

3.  Sassoon  CSH,  Giron  AE.  Ely  E,  Light  RW.  Inspiratory 
work  of  breathing  on  flow-by  and  demand-flow  continu- 
ous positive  ainvay  pressure.  Cnt  Care  Med  I989;I7: 
1108-1114. 

4.  Sassoon  CSH.  Lodia  R.  Rheeman  CH,  Kuei  JH.  Light 
RW.  Mahutte  CK.  Inspiratory  muscle  work  of  breathing 
during  flow-by.  demand-flow  and  continuous-flow  sys- 
tems in  patients  with  chronic  obstructive  pulmonary  dis- 
ease. Am  Rev  Respir  Dis  1992:145;  1219-1222. 

5.  Marini  JJ.  Rodriguez  RM  Lamb  V.  The  inspirator>'  work- 
load of  patient-initiated  mechanical  ventilation.  Am  Rev 
Respir  Dis  1986;  134:902-909. 

6.  Sassoon  CSH,  Mahutte  CK.  Te  TT.  SinMtions  DH.  Light 
RW.  Work  of  breathing  and  airway  occlusion  pressure 
during  assist-mode  mechanical  ventilation.  Chest  1988; 
93:571-576. 

7.  Branson  RD.  Campbell  RS.  Davis  K,  Johannigman  JA. 
Johnson  DJ.  Hurst  JM.  Altering  flowrate  during  maximum 
pressure  support  ventilation  (PSVn,a.x):  effects  on  cardio- 
respiratorv'  function.  RespirCare  1990:35:1056-1064. 

8.  Maclntyre  NR.  Importance  of  trigger  sensitivity  to  ven- 
tilator response  delay  in  advanced  chronic  obstructive  pul- 
monary disease  with  respiratorv'  failure  (letter).  Crit  Care 
Med  1 990;  1 8:58 1-582. 

9.  Rochester  DF.  Betlini  G.  Diaphragmatic  blood  flow  and 
energy  expenditure  in  the  dog:  effects  of  inspirator}'  air- 
flow resistance  and  hypercapnia.  J  Clin  Invest  1976;57: 
661-672. 

10.  Field  S.  Grassino  A.  Sanci  S.  Respiratory  muscle  oxygen 
consumption  estimated  b\  the  diaphragm  pressure-time  in- 
dex. J  AppI  Physiol  1984:57:44-51. 

1 1.  Collett  PW,  Perry  C.  Engel  LA.  Pressure-time  product, 
flow .  and  oxygen  cost  of  resistive  breathing  in  humans. 
J  Appl  Physiol  1985:58:1263-1272. 

12.  Gurevitch  MJ.  Gelmont  D.  Importance  of  trigger  sen- 
sitivity to  ventilator  response  delay  in  advanced  chronic 
obstructive  pulmonary  disease  with  respiratory  failure. 
Crit  Care  Med  1989;17:354-359. 

13.  Maclntyre  NR.  Ho  LI.  Effect  of  initial  flow  rate  and 
breath  termination  criteria  on  pressure  support  ventila- 
tion. Chest  1991:99:134-138. 


1068 


RESPIRATORY  CARE  •  SEPTEMBER  "92  Vol  37  No  9 


VENTILATOR  DESIGN:  THE  TRIGGER  VARIABLE 


14.  Gibney  NRT.  Wilson  RS.  Pontoppidan  H.  Comparison 
of  work  of  breathing  on  high  gas  flow  and  demand 
valve  continuous  positive  airway  pressure  systems. 
Chest  1982:82:692-695. 

Beydon  L.  Chasse  M.  Harf  A,  Leniaire  F.  Inspiratory 
work  of  breathing  during  spontaneous  ventilation  using 
demand  valves  and  continuous  flow  systems.  Am  Re\ 
RespirDis  1988;13S:.^00-.^04. 

Viale  JP,  Annat  G.  Benrand  O,  Iiig  D.  Godard  J,  Motin 
J.  Additional  inspiratory  work  in  intubated  patients 
breathing  with  continuous  positive  airway  pressure  sys- 
tems. Anesthesiology  1985:63:536-539. 


15 


16 


17.  Hirsch  C,  Kacmarek  RM.  Stanek  K.  Work  of  breathing 
during  CPAP  and  PSV  imposed  by  the  new  generation 
mechanical  ventilators:  a  lung  model  study.  Respir  Care 
1991:36:815-828. 

18.  Sassoon  CSH,  Rheeman  CH,  Fei  R.  Inspiratory  muscle 
work  of  breathing  during  SIMV:  effects  of  SIMV  sys- 
tem and  rate  (abstract).  Chest  1991;100(Suppl):25S. 

19.  Marini  JJ,  Smith  TC.  Lamb  VJ.  External  work  output 
and  force  generation  during  synchronized  intermittent 
mechanical  ventilation.  Am  Rev  Respir  Dis  1988:138: 
1169-1179. 


RESPIRATORY  CARE  •  SEPTEMBER   92  Vol  37  No  9 


1069 


INSPIRED  GAS  CONDITIONING 


Inspired  Gas  Conditioning 

Maire  P  Shelly  MB  ChB  FFARCS 

I.     Introduction 
II.     Why  Humidify  Inspired  Gases? 

A.     Normal  Mechanisms  of  Humiditlcation 
The  Mucociliary  Elevator 
Inadequate  Humidification 
Excessive  Humiditlcation 
Tolerated  Range  of  Humidification 
How  To  Humidify  Inspired  Gases 
A.     Cold  Water  Humidifiers 
Hot  Water  Humidifiers 
Nebulisers 

Heat  And  Moisture  Exchangers 
Applications 
IV.     Why  Filter  Inspired  Gases? 

A.  Normal  Mechanisms  of  Filtration 

B.  Filters 

C.  Applications 


III. 


B. 
C. 
D. 
E. 


B. 
C. 
D. 
E. 


Introduction 

Under  normal  circumstances,  the  nose  and  upper 
airways  heat  and  moisturise  inspired  gases.  In  cer- 
tain states,  such  as  tracheal  intubation,  this  mech- 
anism is  inadequate  and  attention  niu.st  be  given  to 
artificially  conditioning  the  in.spired  gases.  Because 
little  is  known  about  the  mechanisms  of  heat  and 
moisture   exchange   in   the   upper  airway,   the   re- 
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quirements  for  replacing  those  mechanisms  is  poorly 
understood.  A  variety  of  humidifiers  is  now  avail- 
able, but  their  appropriate  use  has  not  been  estab- 
lished. 

In  this  review.  T  di.scuss  the  reasons  for  condi- 
tioning a  patient's  inspired  gases  by  examining  the 
normal  mechanisms  of  heat  and  moisture  exchange 
and  the  consequences  of  inadequate  and  excessive 
humidification.  In  addition,  the  ditferent  types  of 
humidifier  currently  a\ailable  are  described,  and 
guidelines  for  their  appropriate  use  are  suggested. 
Filters  are  now  frequently  used  with  humidification 
devices:  their  potential  \aluc  in  infection  control  is 
also  discussed. 

Why  Humidify  Inspired  Gases? 

Inspired  gases  require  liiuiiidification  when  tiic 
normal  mechanisms  of  heat  and  moisture  exchange 
are  b\  passed  or  inadequate.  An  examination  of  the 
normal  mechanisms  of  humidification  and  the  con- 
.sequences  of  inadequate  and  excessive  humidifica- 
tion should  enable  the  requirement  for  heat  and 
moisture  exchans:e  to  be  estimated. 
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Normal  Mechanisms  of  Humidification 

Inspired  air  normally  passes  through  the  nose 
and  upper  airway,  where  it  is  heated  to  37°C  and 
humidified  to  lOO'^r  relative  humidity.'  Thus,  con- 
ditions within  the  lower  airways  and  alveoli  remain 
constant,  and  gas  exchange  is  efficient.  On  expira- 
tion, the  upper  airway  and  nose  conserve  heat  and 
moisture,  so  losses  are  minimised.-  The  nose  and 
upper  airv\ay  thus  act  as  a  countercurrent  heat  and 
moisture  exchanger  (HME),  conditioning  inspired 
gases  and  retaining  the  heat  and  moisture.  The 
point  at  which  inspired  air  reaches  37°C  and  100% 
relative  humidity  is  called  the  isothermic  saturation 
boundary.'  This  is  normally  just  below  the  carina, 
but  its  position  varies  according  to  the  volume, 
temperature,  and  humidity  of  inspired  gases  and  the 
presence  of  a  tracheal  tube."*  Above  the  isothermic 
saturation  boundary,  the  airway  acts  as  a  heat  and 
moisture  exchanger:  below  it,  the  temperature  and 
humidity  remain  constant.' 

The  upper  airway  is  able  to  condition  inspired 
gas  over  a  wide  range  of  conditions.  In  hot  cli- 
mates, the  nose  has  a  thermoregulatory  function 
that  depends  on  the  humidity  of  inspired  gases.- 
Hot,  dry  inspired  air  is  cooled  as  it  passes  down  the 
upper  airway  because  the  latent  heat  of  vapor- 
isation of  water  is  taken  from  the  mucosa.  In  humid 
climates,  this  does  not  occur,  and  other  thermo- 
regulatory systems  must  control  body  temperature. 
In  cold  climates,  the  heat  and  moisture  re- 
quirements of  inspired  gases  are  high.  To  meet 
these  requirements,  the  temperature  and  humidity 
gradients  down  the  upper  airway  are  increased,  so 
heat  and  moisture  exchange  remains  efficient.-  The 
limits  of  the  heat-  and  moisture-exchanging  capac- 
ity of  the  upper  airway  have  not  been  fully  evalu- 
ated, and  adaptation  may  occur  with  time.  During 
exerci.se  (because  of  an  increased  minute  volume), 
additional  demands  are  put  on  the  heat-  and  mois- 
ture-exchanging function,  and  bronchospasm  or 
rhinorrhoea  may  result.'^*'  Exercise-induced  bron- 
chospasm has  been  reduced  by  additional  humid- 
ification in  sensitive  individuals.^ 

The  Mucociliary  Elevator 

The  bronchial  tree  is  lined  with  mucus-secreting 
ciliated  epithelium.  Mucus  is  cleared  in  a  cephalad 


direction  by  the  cilia.  A  cilium  is  a  hairlike  struc- 
ture, approximately  6  /y  in  length  and  with  several 
short  'claws'on  its  tip.  Normally  the  cilia  are 
bathed  in  the  mucus  of  the  periciliary  mucus  layer, 
which  is  of  low  viscosity.  The  cilial  claws  extend 
through  this  layer  and  are  in  contact  with  a  high 
viscosity  mucus  layer.  The  cilia  beat  in  a  regular, 
coordinated  manner  to  clear  this  mucus.  Effective 
mucus  clearance  depends  on  ciliary  integrity  and 
beat,  and  on  the  depth  and  viscosity  of  the  peri- 
ciliary mucus  and  the  quantity  and  viscosity  of  the 
mucus  layer.  All  these  factors  are  affected  by  the 
state  of  hydration  of  the  system.** 

Inadequate  Humidification 

Underhumidification  of  inspired  gases  is  most 
obvious  during  artificial  ventilation  with  dry  med- 
ical compressed  gases  to  which  no  additional  hu- 
midification has  been  supplied.  Under  the.se  cir- 
cumstances, a  number  of  changes  occur  as  a  result 
of  heat  loss,  moisture  loss,  and  altered  pulmonary 
function. 

Most  of  the  heat  lost  from  the  respiratory  tract 
occurs  as  a  result  of  vaporisation  of  water.  Heat 
lost  in  this  way  may  cause  a  drop  in  body  tem- 
perature,'' particularly  in  vulnerable  groups  such  as 
infants,  young  children,'"  and  critically  ill  patients 
whose  thermoregulatory  mechanisms  are  already 
disturbed.  Humidification  of  inspired  gases  reduces 
the  drop  in  body  temperature  seen  following  sur- 
gery.''" This  has  implications  for  po.stoperative  oxy- 
gen consumption'-'-'  and  associated  problems,  such 
as  profound  vasoconstriction.''''^ 

Ventilation  with  dry  gases  leads  to  considerable 
loss  of  moisture  from  the  respiratory  tract;  this  loss 
may  be  great  enough  to  reduce  body  weight  due  to 
dehydration.'*^  Dehydration  of  the  upper  airway  is 
associated  with  a  number  of  histologic  changes,''''* 
and  these  are  detailed  in  Table  1.  The  most  im- 
portant functional  result  of  these  changes  is  im- 
paired function  of  the  mucociliary  elevator.'^^'^"" 
This  leads  to  sputum  retention  and  atelectasis. 
Damage  to  the  basement  membrane  and  the  cells  of 
the  airway  leads  to  tissue  disruption,  bronchiolar 
collapse,  and  ultimately  atelectasis. 

Disturbances  of  both  structure  and  function  may 
occur  after  as  little  as  10  minutes  of  ventilation 
with  dry  gases."*  The  degree  of  damage  is  directly 
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Table  I.    The  Histologic  Lesions  Reported  during  Ventilation 
with  Di^'  Inspired  Gases 

Destruction  of  cilia 

Damage  to  mucus  glands 

Disorganisation  and  flattening  of  both  columnar  and  cuboidal 

epithelium 
Disruption  of  basement  membrane 
Degeneration  of  cellular  cytoplasm  and  nucleus 
Desquamation  of  cells 
Mucosal  ulceration 
Reactive  hyperaemia 


proportional  to  the  duration  ot  ventilation  with  dry 
gases,  and  recovery  time  is  inversely  proportional 
to  the  duration  of  ventilation."  Superficial  repair, 
such  as  repair  of  ciliary  damage,  may  take  2-3 
days,  while  repair  of  full  thickness  lesions  takes  2- 
3  weeks."' 

Ventilation  with  dry  gases  shifts  the  isothermic 
saturation  boundary  downwards.-'-'*  This  is  associ- 
ated with  changes  in  pulmonary  mechanics  that 
lead  to  hypoxaemia.  Functional  residual  capacity 
and  static  coinpliance  fall  and  alveolar-arterial  oxy- 
gen tension  difference  rises.  These  changes  appear 
to  be  due  to  atelectasis  and  an  increased  intra- 
pulmonary  shunt."-'*-'' 

Surfactant  activity  is  impaired  during  dry  gas 
ventilation.  This  results  in  a  rise  in  surface  tension 
and  further  impairs  gas  exchange.'^--  Dry  gases 
also  act  as  potent  bronchoconstrictors  in  sensitive 
individuals.''''^  In  addition,  there  is  some  evidence 
that  humidification  of  inspired  gases  may  reduce  the 
incidence  of  postoperative  pulmonary  complica- 
tions; however,  this  is  inconclusive.'^-*' -''  The  extent 
of  all  these  changes  is  related  to  the  inspired  hutnid- 
ity  and  the  duration  of  ventilation."  " 

Excessive  Humidification 

Excessive  artificial  humidilicatit)n  of  inspired 
gases  can  disrupt  the  dynamic  equilibrimii  o\'  heal 
and  moisture  exchange  within  the  upper  airway  and 
replace  this  with  a  more  static  environment.'  Under 
these  circumstances,  heat  and  moisture  may  be  add- 
ed to  the  body,  and  changes  in  pulmonary  tinictioii 
may  occur.  This  has  been  ivportod  most  comnioiilv 
with  misused  or  defective  huniidilicrs. 


Heat  may  be  added  to  the  respiratory  tract  if  the 
inspired  gases  are  heated  to  above  bod\  tem- 
perature and  saturated  with  water  vapour.  As  in  the 
case  of  inadequate  humidification.  this  addition  of 
heat  is  particularly  important  in  neonates,  chil- 
dren,"'''  and  patients  with  impaired  thermoregu- 
latory mechanisms.  There  have  been  reports  of  mu- 
cosal iieating  or  burning-'-  that  has  led  to 
pulmonary  oedema  and  airwav  stricture  forma- 
tion.'- A  rise  in  body  temperature  has  also  been  re- 
ported.- Conversely,  the  administration  of  large 
quantities  of  water  to  the  respiratory  tract  may 
cause  a  fall  in  body  temperature  if  the  water  is  at  or 
below  room  temperature. 

The  excessive  humidification  of  inspired  gases 
not  only  reduces  insensible  water  loss  but  may  also 
cause  water  to  be  added  to  the  body,  leading  to  wa- 
ter overload.  Water  intoxication  has  been  reported 
with  aerosol  humidification."  "'  The  use  of  aero- 
sols of  water  at  room  temperature  may  cause  clin- 
ically important  mucosal  cooling.'"  and  condensa- 
tion of  water  droplets  within  the  airways  may  lead 
to  atelectasis.  Ciliary  damage  inay  also  result  from 
excessive  humidification."'  However,  the  most  im- 
portant effect  of  excessive  humidification  is  to  ren- 
der the  mucociliary  elevator  less  efficient.  This 
may  result  from  the  production  of  large  quantities 
of  mucus,  which  may  exceed  the  capacity  of  the 
mucociliary  elevator,  or  from  excessive  hydration 
of  the  periciliary  mucus  layer  so  that  transportation 
of  the  more  viscid  mucus  is  impaired.'^-"-*''' 

The  upward  movement  of  the  isothermic  satura- 
tion boundary  leads  to  changes  in  pulmonary  func- 
tion. These  changes  include  falls  in  fiinclional  re- 
sidual capacity  and  in  static  compliance,  leading  to 
atelectasis  and  arterial  hypoxaemia.-''"'"  Sur- 
factant activity  is  decreased  to  a  more  marked  ex- 
tent than  with  inadequate  humidification.  This  mav 
be  due  to  the  inhibition  of  surfactant  production  hv 
atelectasis  or  the  inactivation  or  dilution  of  sur- 
factant by  excessive  water.'" 

Tolerated  Range  of  Humidification 

An  optimal  level  of  humiditlcation  is  difiicult  to 
determine.  The  literature  on  humidification  require- 
ments contains  mostly  work  in  animals.' '•'"-"■-'"' 
1  he  studies  in  man" '"  suffer  from  problems  with 
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small  numbers,  lack  of  data  on  the  patients  in- 
volved, and  inadequate  measurement  techniques. 
Little  new  information  is  available  on  upper  airway 
function  and  its  changes  in  disease  states  and  on 
advances  in  measurement  techniques.  Both  under- 
humidification  and  excessive  humidification  are  as- 
sociated with  harmful  effects.  However.  I  believe 
that  many  of  the  problems  associated  with  ex- 
cessive humidification  have  been  the  result  of  mis- 
use of  hot  water  humidifiers  or  nebulisers.  The  im- 
proved  design  and  more  rational  use  of  these 
humidifiers  may  have  reduced  the  incidence  of 
such  problems. 

The  upper  airway  normally  tolerates  a  wide 
range  of  atmospheric  conditions.  Factors  that  affect 
the  efficiency  of  normal  heat  and  moisture  ex- 
change are  the  temperature  and  relative  humidity  of 
inspired  gas.  the  inspired  tidal  and  minute  volumes, 
and  the  state  of  the  airvsay  (for  example,  the  pres- 
ence of  a  tracheal  tube).  Extremes  of  any  of  these 
factors  challenge  the  ability  of  the  nose  and  upper 
airway  to  condition  inspired  ga.ses  adequately.  The 
maintenance  of  normal  le\els  of  temperature  and 
humidity  may  preserve  mucociliary  and  pulmonary 
function  in  normal  individuals.  This,  however,  has 
not  been  verified,  and  the  optimal  ranges  of  tem- 
perature and  humidity  in  patients  with  abnormal, 
diseased,  or  bypassed  upper  airways  remain  un- 
investigated. In  disease  states,  the  range  of  condi- 
tions tolerated  by  the  upper  airway  is  likely  to  be 
narrowed.  However,  the  effects  of  any  change  can- 
not be  predicted  with  current  knowledge  of  upper 
airway  function. 

The  effects  of  the  level  of  humidification  on  the 
function  of  the  mucociliary  elevator  are  central  to 
the  rational  use  of  humidifiers.  Measurement  of 
mucociliary  function  should  provide  some  assess- 
ment of  the  adequacy  of  heat  and  moisture  ex- 
change. Mucociliary  function  is  complex,  and  its 
measurement  equally  complex:  however,  an  in- 
dication of  mucociliary  elevator  function  can  be 
gained  by  monitoring  sputum  volume  and  character 
with  a  sputum  score  such  as  that  in  Figure  1.^"  In 
this  way,  the  adequacy  of  humidification  can  be 
measured  and  recorded  in  a  more  objective  way, 
and  any  necessary  changes  in  humidification  tech- 
nique can  be  made  appropriately. 
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Fig.  1.  A  sputum  score  to  monitor  the  adequacy  of  heat 
and  moisture  exchange.  0  =  absent;  +  =  small  amount: 
++++  =  copious. 


How  To  Humidify  Inspired  Gases 

Devices  that  condition  inspired  gases  have  been 
categorized  into  three  groups  on  the  basis  of  their 
water  output:^'  (1)  those  delivering  approximately 
10  g/m'  of  water  to  reproduce  environmental  hu- 
midity, (2)  those  capable  of  delivering  at  least  30  g/ 
m''  of  water  and  intended  for  use  when  the  upper 
respiratory  tract  is  bypassed,  and  (3)  those  capable 
of  delivering  in  excess  of  44  g/m^  of  water. 

Many  different  types  of  humidifier  are  available. 
The  properties  desirable  in  a  humidifier^  are  de- 
tailed in  Table  2,  and  the  ability  of  the  different  hu- 
midifiers to  fulfill  these  requirements  is  summar- 
ised in  Table  3. 


Table  2.       Properties  of  an  Ideal  Humidifier 

The  delivery'  of  adequate  heat  and  moisture 

Safety — no  risk  of  malfunction,  electrical  hazard,  miscon- 
nection.  disintegration,  inhalation  debris,  leakage,  or  drug  in- 
teraction 

No  microbiologic  risk 

Suitable  physical  properties — size,  resistance,  functional  dead 
space,  and  internal  compliance 

Convenience — use.  cleaning,  and  storage 

Economical — capital  and  running  costs 
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Table  3.       A  Comparison  of  Different  Humidification  Techniques 


Cold-Walcr 
Humidifier 


Hot-Water 
Humidifier 


Nebuliser 


HMEF* 


Moisture 

output  (g/m') 

15-20 

B(hI>  temperature 

mauitenanee 

Poor 

Safety 

Good 

Mierobioloiiic 

Reser\()ir 

risk 

Internal 
compliance 

Con\enience 

Cost 


Low 
Fair 

Moderate 


35-50 

20-1000 

Very  good 

Poor 

Electrical 

Electrical 

overheating 

Reser\oir 

Reser\oir 

circuit 

circuit 

High 

Moderate 

Poor 

Poor 

High 

His;h 

25-35 

Good 

Connection 

Low 

Low 

Good 
Low 


*HMEF=  heat-  and  nK)isturc-c\chans:mL'  filter. 


Cold-Water  Humidifiers 

In  a  simple,  coid-walcr  huiiiiclitier.  gas  directed 
c)\er  the  surface  of  water  at  room  temperature  takes 
up  a  modest  amount  of  uater  \apour  (Fig.  2).  The 
efficiency  of  the  device  can  he  increased  hy  huh- 
hling  the  gas  through  water  or  by  introducing  a 
wick,  both  of  which  increase  the  surface  area  of 
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Fig,  2   A  cold-water  bubble  humidifier  of  the  type  often 
used  to  humidify  low-flow  oxygen. 


water  exposed  to  gas.  The  absolute  humidity  of  the 
gas  leaving  the  vaporiser  is  limited  by  the  surface 
area  of  the  gas-water  interface  and  the  water  tem- 
jierature  (allowing  lor  the  cooling  eftect  of  \ap- 
orisation).  Recentl\  de\ eloped  devices  can  achieve 
l()09f  relative  humidity,  but  the  gas  is  unhcatcd;  so. 
the  absolute  humidity  of  the  gas  leaving  the  device 
remains  inadequate  when  the  respiratory  tract  is  by- 
passed. Some  risk  of  microbiologic  contatnination 
of  the  water  reser\ oir  exists.'' 

Hot-Water  Humidifiers 

Hot-water  humklilicrs  |iroducc  gas  saitiiatcd 
With  water  sapour  at  ahme  roiim  temperature.'*'"*'' 
nillercnt  heat  sotirces  are  used  iti  different  devices. 
.Some  have  submerged  heat  sources;  others  use 
heating  plates  (Fig.  3).  Most  devices  are  servo- 
controlled  to  maintain  the  water  temperature  at  a 
preset  value.  This  is  measured  at  the  catheter 
mount  and  allows  for  cooling  along  the  tubes  of  the 
hieathing  circuit.  I  he  lestilling  condensate  requires 
dramage  and  nia\  pro\  ide  a  nidus  lor  bacterial  co- 
lonisation.'" Hot-water  humidifiers  condition   in- 
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spired  gases  for  a  variety  of  applications.  Their  dis- 
ad\antages  include  high  internal  compliance  and 
resistance  to  breathing:^  the  risk  ol  thermal  injury 
or  electrical  problems,  bacterial  colonisation;""*  and 
lack  of  convenience.  In  addition,  healed  humidifi- 
ers may  degrade  \olatile  anaesthetic  agents,  which 
limits  their  perioperative  use.^" 


20''C    -^ 
0%  RH 


20°C 
0%  RH 


Electrical 
supply 


rr 


37°C 
100%  RH 


Heater  Element 


Fig.  3.  Diagram  of  a  heated  bubble-type  humidifier.  Ef- 
ficiency may  vary. 


Nebulisers 

Nebulisers  do  not  produce  a  water  vapour  but  an 
aerosol  of  v\ater  droplets.  v\hich  may  be  heated. 
This  aerosol  can  be  produced  in  three  ways.  Gas- 
driven  nebuli.sers  use  the  bernoulli  effect  to  aspirate 
water  from  a  reservoir  into  a  gas  Jet:^'  a  mechanical 
nebuliser  uses  a  rotating  disc  to  spin  water  radially 
onto  pillars  designed  to  break  droplets  up  into  a 
fine  aerosol:^"  ultrasonic  nebulisers'''  employ  a  sub- 
merged transducer  to  produce  cavitation  within  the 
water  reservoir,  and  produce  an  aerosol  where  the 
ca\ity  breaks  the  water  surface  (Fig.  4).  The  ad- 
ministration of  water  droplets  to  the  respiratory 
tract  mas  result  in  excessive  humidification  or  in- 
fection with  microorganisms,'^-  and  the  fate  of  these 
droplets  w  ithin  the  respiratory  tract  is  poorly  under- 
stood. For  these  reasons.  I  believe  that  the  use  of 
nebulisers  in  the  patient  whose  airway  is  bypassed 
can  be  hazardous. 


Heat  and  Moisture  Exchangers 

Heat  and  moisture  exchangers  (HMEs)  conserve 
heat   and   moisture   during   expiration   and   return 


\ 

\ 

20=0 
100%  RH 


Fig.  4.  Diagram  of  an  ultrasonic  nebuliser.  The  device 
(when  functioning  properly)  saturates  the  gas  stream  and 
produces  a  dense  stable  aerosol. 

these  to  the  inspired  gases  in  a  way  analogous  to 
normal  upper  airway  function."^' "'"'  It  has  been  sug- 
gested that  HMEs  should  retain  at  least  709^  of  ex- 
pired moisture.^"" ''''  HMEs  operate  in  one  of  three 
ways."*  In  a  condenser  humidifier,  water  vapour  in 
expired  gases  condenses  onto  the  relatively  cool 
surface  of  the  element:  this  water  sub.sequently  re- 
evaporates  on  inspiration.  The  element  of  a  con- 
den.ser  humidifier  has  a  high  thermal  conductivity; 
so,  the  gains  and  los.ses  of  latent  heat  are  quickly 
compensated,  and  the  temperature  drop  across  the 
element  is  maintained."'^  Condenser  humidifiers 
have  been  largely  superseded  by  more  efficient 
HMEs.  Hygroscopic  HMEs  (Fig.  5)  have  elements 
composed  of  paper,  foam,  or  some  other  substance 
with  a  relatively  low  thermal  conductivity,  that  has 
been  impregnated  with  a  hygroscopic  chemical 
(usually  calcium  chloride  or  lithium  chloride).  The 
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Fig.  5.  Diagram  of  a  hygroscopic  heat  and  moisture  ex- 
changer. 
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Table  3.      A  Comparison  of  Different  Humidificalion  Techniques 


Cold-Water 

Hot-Water 

Humidifier 

Humidifier 

Nebuliser 

HMEF* 

Moisture 

output  (g/m') 

15-20 

33-50 

20-1000 

25-35 

BckK  temperature 

iiKumenance 

Poor 

Very  good 

Poor 

Good 

Safety 

Good 

Electrical 
overheating 

Electrical 

Connection 

Microbiologic 

Reservoir 

Reservoir 

Reservoir 

Low 

risk 

circuit 

circuit 

liucrnal 

compliance 

Low 

High 

Moderate 

Low 

Con\enicnce 

Fair 

Poor 

Poor 

Good 

Cost 

Moderate 

High 

High 

Low 

*HMEF  =  heat-  and  moisture-exchancini;  filter. 


Cold-Water  Humidifiers 

In  a  simple,  cold-water  huiiuditier.  gas  directed 
over  the  surface  of  water  at  room  temperature  takes 
up  a  modest  amiuiiil  of  water  vapour  (Fig.  2).  The 
efficiency  of  the  de\  ice  can  be  increased  by  bub- 
bling the  gas  through  water  or  by  introducing  a 
wick,  both  of  which  increase  the  surface  area  of 


20°C 
0%  RH 


1 


J 


<20°C 
<100%   RH 


Fig.  2.  A  cold-water  bubble  humidifier  of  the  type  often 
used  to  humidify  low-flow  oxygen. 


water  exposed  to  gas.  The  absolute  humidity  of  the 
gas  leaving  the  vaporiser  is  limited  by  the  surface 
area  of  the  gas-water  interface  and  the  water  tem- 
perature (allowing  for  the  cooling  effect  of  vap- 
orisation). RecentK  developed  devices  can  achieve 
lOO'^f  relative  humidity,  but  the  gas  is  unheated;  so. 
the  absolute  humidity  of  the  gas  leaving  the  device 
remains  inadequate  when  the  respiratory  tract  is  by- 
passed. Some  risk  of  microbiologic  contamination 
1)1  the  v\  ater  reservoir  exists. ^- 

Hot-Water  Humidifiers 

Hot-water  humidifiers  produce  gas  saturated 
with  water  vapour  at  above  room  temperature."''"*'' 
Different  heat  sources  are  used  in  different  devices. 
Some  have  submerged  heat  sources:  others  use 
heating  plates  (Fig.  3).  Most  devices  arc  servo- 
controlled  to  maintain  the  water  temperature  at  a 
preset  value.  This  is  measured  at  the  catheter 
mount  and  allows  tor  cooling  along  the  tubes  of  the 
breathing  circuit.  The  resulting  condensate  requires 
drainage  and  may  prov  ide  a  niilus  for  bacterial  co- 
lonisation.^"  Hot-water   hunndifiers  condition   in- 
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spired  gases  for  a  variety  of  applications.  Their  dis- 
advantages include  high  internal  comphance  and 
resistance  to  breathing:"  the  risk  ot  thermal  injury 
or  electrical  problems,  bacterial  colonisation;"""  and 
lack  of  convenience.  In  addition,  heated  humidifi- 
ers may  degrade  \olatile  anaesthetic  agents,  which 
limits  their  perioperative  use."*'' 
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Fig.  3.  Diagram  of  a  heated  bubble-type  humidifier.  Ef- 
ficiency may  vary. 


Nebulisers 

Nebulisers  do  not  produce  a  water  \  apour  hut  an 
aerosol  of  water  droplets.  v\hich  may  be  heated. 
This  aerosol  can  be  produced  in  three  ways.  Gas- 
driven  nebulisers  use  the  bemouUi  effect  to  aspirate 
water  from  a  reser\oir  into  a  gas  jet:'^'  a  mechanical 
nebuliser  uses  a  rotating  disc  to  spin  water  radially 
onto  pillars  designed  to  break  droplets  up  into  a 
fine  aerosol:"'  ultrasonic  nebulisers'''  employ  a  sub- 
merged transducer  to  produce  cavitation  within  the 
water  reser\oir.  and  produce  an  aerosol  where  the 
ca\ity  breaks  the  water  surface  (Fig.  4).  The  ad- 
ministration of  water  droplets  to  the  respiratory 
tract  may  result  in  excessive  humidification  or  in- 
fection with  microorganisms/-  and  the  fate  of  these 
droplets  within  the  respiratory  tract  is  poorly  under- 
stood. For  these  reasons.  I  believe  that  the  use  of 
nebulisers  in  the  patient  whose  airway  is  bypassed 
can  be  hazardous. 

Heat  and  .Moisture  Exchangers 

Heat  and  moisture  exchangers  iHMEs)  conserve 
heat    and    moisture   during   expiration   and    return 
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Fig.  4.  Diagram  of  an  ultrasonic  nebuliser.  The  device 
(when  functioning  properly)  saturates  the  gas  stream  and 
produces  a  dense  stable  aerosol 

these  to  the  inspired  gases  in  a  way  analogous  to 
normal  upper  airway  function."'^"*  It  has  been  sug- 
gested that  HMEs  should  retain  at  least  70*5^^  of  ex- 
pired moisture."''' "'''  HMEs  operate  in  one  of  three 
ways."*  In  a  condenser  humidifier,  water  vapour  in 
expired  gases  condenses  onto  the  relatively  cool 
surface  of  the  element:  this  water  subsequently  re- 
evaporates  on  inspiration.  The  element  of  a  con- 
denser humidifier  has  a  high  thermal  conductivity: 
so,  the  gains  and  losses  of  latent  heat  are  quickl\ 
compensated,  and  the  temperature  drop  across  the 
element  is  maintained.""  Condenser  humidifiers 
have  been  largely  superseded  b_\  more  efficient 
HMEs.  Hygroscopic  HMEs  (Fig.  5)  have  elements 
composed  of  paper,  foam,  or  some  other  substance 
with  a  relatively  low  thermal  conductivity,  that  has 
been  impregnated  with  a  hygroscopic  chemical 
(usuallv  calcium  chloride  or  lithium  chloride).  The 
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Fig   5.  Diagram  of  a  hygroscopic  heat  and  moisture  ex- 
changer. 
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element  acts  as  a  condenser  humidifier,  but  ef- 
ficiency is  increased  by  the  hygroscopic  material. 
v\hicii  adsorbs  additional  water  on  expiration.  This 
water  is  then  taken  up  b\  the  inspired  gases. ^'^  Hy- 
drophobic HMEs  (Fig.  b)  have  a  water-repelling 
element  with  a  large  surface  area  and  a  low  thermal 
conductivity.  Because  the  latent  heal  of  vap- 
orisation is.  thus,  taken  directl\  from  the  element 
and  its  surroundings  v\hen  water  is  \apourised.  a 
temperature  gradient  de\elops  within  the  element 
itself.  Gas  lea\ing  the  de\  ice  is  saturated  at  the 
lowest  temperature  achie\ed;  so.  hydrophobic 
H.MEs  are  more  efficient  than  simple  condenser  hu- 
midifiers."""'" True  hydrophobic  HMEs  are  also  ef- 
ficient microbiologic  filters."' 


Tahle  4.    Suggested  .Applications  tor  Dit't'erent  Types  of  Hu- 
midifier 


■ION 

T-IO-C 
RH  100% 

T-2J 

>o 

>            T- 

33°      _^ 

RH  -  50% 

f         RH  -  1 00% 

^    T-2C 
RH-C 

% 

T-10=C 
RH  100% 

•^      T- 
•"*  RH- 

28°         _ 

100% 

^ 

_^ 

^ 

-X 

; 

*/ 

Condenser 

element 

Fig.  6.  Diagram  of  a  hydrophobic  heat  and  moisture  ex- 
changer. 

Comparative  investigations  of  heat  and  moisture 
exchangers  have  demonstrated  that  most  are  able  to 
humidify  inspired  gases  to  a  level  similar  to  that  of 
normal  no.se-breathing  subjects  at  rest."'""  How- 
ever, their  efficiency  depends  on  the  tidal  and  min- 
ute volumes.  Heat  and  moisture  exchangers  present 
a  physical  barrier  to  the  passage  of  bacteria,  but 
condenser  humidifiers  and  hygroscopic  HMEs  are 
not  microbiologic  filters. 

Applications 

The  clinical  applications  for  which  different 
types  of  humidification  devices  are  suitable  are 
summarised  in  Table  4. 

Cold-water  humidifiers  do  not  pro\  ide  sufficient 
humidification  to  replace  the  patient's  own  airway 
and.  consequently,  are  unsuitable  for  use  in  patients 


Hiiniiditler 


Restrictions 


Clinical 
.Applications 


Cold-water 

huniidifiers 


Hol-uater 
humidifiers 


Nebulisers 


Intact  airway 
O:  therapy  with 
abnormal  airway  or 
high  fresh-gas  flow 

Ventilatory  support 
with  abnormal  airway, 
high  V„„„. 

large  fresh-gas  How. 
large  gas  volumes 


High  fresh-gas  flow 
Large  volumes 
Sputum  clearance 


Heat  and  Ventilators  support 

moivture  w  ith  normal  airway 

exchangers  and  normal  minute 

\entilation 


O:  therapy 


Oxygen  tents 

Head  boxes 

ICU* 

Anaesthesia 

Paediatrics 

CPAP 

Oxygen  tents 
Head  boxes 
CPAP 
HFV 
Physiotherapy 

Infection  control 
ICU 

■Anaesthesia 
Transport 


*ICU  =  intensive  care  unit;  CPAP  =  continuous  positive  air\Kay  pres- 
sure; HFV  =  high  frequency  ventilation. 


w  hose  airways  are  bypassed  by  tracheal  intubation. 
Cold-water  humidifiers  are  most  frequently  used  to 
htimidifx  supplemental  oxygen  administered  to 
spontaneousl)  breathing  patients.  Although  humid- 
ification may  be  unnecessary  in  this  situation,  it 
should  be  considered  if  the  patient  has  abnormal 
airwax  function  or  the  sup|ilemenial  owgen  flow  is 
high. 

Hot-water  lumudilicrs  are  more  widel\  ap- 
plicable, but  the  ability  to  vary  the  absolute  humid- 
ii\  of  the.se  devices  is  not  fully  utilized.  They  are 
used  in  patients  requiring  controlled  \eniilation 
during  anaesthesia  or  intensixe  care  in  whom  the 
requirernent  for  humidification  may  be  high  (such 
as  in  patients  requiring  high  minute  volumes  and 
patients  with  abnormal  airway  function).  Because 
of  the  large  volume  of  water  present  in  aerosols 
produced  by  nebulisers.  they  may  be  potentially 
hazardous.  Nebulisers  are.  therefore,  most  frequent- 
ly used  to  humidifx    the  gas  proxided  to  large- 
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\oliime  tents  and  hoods,  or  gas  at  high  flowrates 
such  as  during  high  frequency  jet  ventilation'"^'  and 
contnuKuis  positi\e  airway  pressure.  Nebuhsers 
may  also  be  used  to  provide  high  levels  of  humid- 
ification  for  brief  periods  to  patients  with  chronic 
lung  disease  to  enhance  sputum  clearance  during 
physiotherapy.  HMEs  are  able  to  condition  inspired 
gases.  The  addition  of  a  filter.  ho\\e\er.  provides 
microbiologic  protection,  and  heat-  and  moisture- 
exchanging  filters  (HMEFs)  are  preferable  to  sim- 
ple HMEs.  HMEFs  are  suitable  for  patients  in 
whom  humidification  requirements  are  likely  to  be 
normal.  This  includes  patients  without  significant 
chest  or  upper  airway  disease  who  do  not  require 
ventilation  with  high  minute  volumes  (ie.  ventila- 
tion in  e.xcess  of  10  L/min.  although  this  may  vary 
w  ith  the  device).  Because  HMEFs  return  essential- 
1\  physiologic  levels  of  humidification  to  the  pa- 
tient's airway,  their  use  may  be  continued  until  the 
patient's  humidification  requirements  change. 

I  do  not  believe  that  clinical  comparisons  of  dif- 
ferent humidification  techniques  ha\e  been  per- 
formed on  a  rational  basis.  Recent  comparisons  of 
HMEs  and  hot-water  humidifiers  have  had  me- 
thodologic  problems. '"**''  but  have  not  demonstrat- 
ed significant  differences  between  the  techniques. 

Why  Filter  Inspired  Gases? 

Normal  Mechanisms  of  Filtration 

In  addition  to  their  heat  and  moisture  ex- 
changing function,  the  nose  and  upper  airways  act 
as  an  efficient  filter.  Particle  filtration  is  ac- 
complished by  several  mechanisms.  Turbulent  flow 
within  the  no.se  allows  larger  particles  to  impinge 
on  the  large  surface  area  of  mucous  membrane.  In 
the  upper  airway,  mucus  flow  collects  further  de- 
bris that  is  cleared  by  the  mucociliary  elevator. 
Coughing  also  clears  mucus  from  the  upper  air- 
way.** Microbiologic  filtration  is  achieved  by  the 
lymphoid  tissue  of  the  tonsils  and  adenoids  and  by 
protective  mediators  w ithin  the  mucus  itself."" 

Bypassing  the  nose  and  upper  airway,  therefore, 
skirts  the  area  responsible  for  filtration  as  well  as 
the  heat-  and  moisture-exchanging  surfaces.  This 
allows  whatever  particulate  and  microbiologic  de- 
bris are  to  reach  the  lower  airways.  This  may  occur 
at  a  time  when  the  patient  is  immunocompromised 


due  to  illness  or  surgery  or  is  exposed  to  additional 
particulate  or  microbiologic  hazard  from  the  use  of 
breathing  circuits,  \entilators,  and  artificial  humid- 
ification devices.  Realisation  of  this  risk  has  led  to 
the  increased  use  of  filters  in  respiratory  care. 

Filters 

A  filter  for  use  in  a  breathing  system  should  pre- 
vent passage  of  contaminated  body  fluids.  It 
should,  therefore,  filter  bacteria  and  viruses  as  well 
as  particles  and  prevent  passage  of  water.  The  at- 
tributes of  an  ideal  breathing  system  filter  have 
been  described."^  All  filters  have  pores  to  reduce 
the  resistance  of  the  device.  The  size  of  these  pores 
is  important  in  preventing  the  passage  of  water. 

Filters  remove  gas-bourne  particles  in  three 
ways.^*^  Large  particles  are  removed  by  direct  inter- 
ception by  the  pores  of  the  filter  medium.  Bacteria 
passing  through  the  filter  medium  have  a  mo- 
mentum that  leads  to  impaction  on  the  filter.  Once 
impacted,  the  particles  are  held  on  the  membrane 
by  weak  electrostatic  forces.  Very  small  particles 
travel  by  Brownian  mo\ement  and  thus  behave  as 
if  they  were  larger  particles.  These  particles  are 
also  intercepted  by  the  filter  and  held  by  electro- 
static forces. 

Basically  two  types  of  filter  material  are  used  in 
breathing  circuit  filters."'*  Hydrophobic  membranes 
have  small  pores,  rely  on  naturally  occurring  elec- 
trostatic forces  within  the  filter  medium,  and  do  not 
allow  the  passage  of  liquid  water  through  the  mem- 
brane. The  alternative  filter  material  is  called  an 
electret  and  is  produced  by  inducing  a  permanent 
electrical  polarity  into  a  felt-like  material.  This  po- 
larity enhances  removal  of  charged  particles,  but 
the  pore  size  of  an  electret  is  larger  than  that  in  a 
hydrophobic  filter.  As  a  result,  liquid  water  is  able 
to  pass  through  an  electret.  reducing  filtration  ef- 
ficiency. 

Applications 

Filters  are  widely  used  with  humidification  de- 
vices in  an  effort  to  control  contamination  risks. 
Nosocomial  infections  are  due  to  a  variety  of  fac- 
tors,^'^  of  which  contamination  of  respiratory  equip- 
ment is  only  one.  The  impact  of  filter  use  on  the  in- 
cidence of  nosocomial  pneumonia,  therefore,  varies 
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Introduction 


Pressure  Monitoring 


Accurate  measurement  of  airway  pressure,  air- 
tlow.  and  volume  provides  information  necessary 
for  effective  management  of  a  mechanical  ven- 
tilator. These  variables  also  need  to  be  carefully 
monitored  to  detect  ventilator  malfunction  and  to 
minimize  the  risk  of  ventilator-induced  complica- 


tions. 
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Pressure-Sensing  Devices 

Airway  pressure  can  be  measured  with  gravity- 
dependent  fluid  manometers,  aneroid  manometers, 
or  electromechanical  pressure  transducers.-  Fluid 
manometers  are  rarely,  if  ever,  employed  in  meas- 
urement of  airway  pressures  in  critically  ill  pa- 
tients. Although  aneroid  manometers  are  still  em- 
ployed to  obtain  "spot"  measurements  of  airway 
pressure,  such  as  maxiinum  inspiratory  pressure  in 
a  patient  being  considered  for  a  weaning  trial,  elec- 
tromechanical transducers  are  now  widely  em- 
ployed in  mechanical  ventilators.  Many  of  the  mod- 
ern, inicroprocessor-based  ventilators  (Bird 
6400ST,  Bear  5.  Hamilton  Veolar,  Puritan-Bennett 
7200)  employ  a  solid-state  integrated  silicon-wafer 
pressure  transducer  manufactured  by  the  Micro- 
switch  Division  of  Honeywell  (Douglas  DeVries  of 
Bird  Products.  Warren  Sanborn  of  Puritan-Bennett, 
David  Thompson  of  Hamilton.  Tom  Westfall  of 
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Bear  Medical,  personal  communic;iti(ins.  1991). 
This  transducer  is  stated  to  have  an  accurac)  of  ± 
(0. 1  cm  H;0  +  ?i9c  of  reading),  while  a  target  pres- 
sure can  be  achieved  with  an  accuracy  of  ±  i2  cm 
H^O  +  39c  of  reading)  (Warren  Sanborn.  Puritan- 
Bennett,  personal  communication.  1991).  For  ex- 
ample, if  trigger  sensitivity  is  set  at  -2  cm  H2O.  the 
actual  range  is  l.,S4-2.16  cm  H.O.  Likewise,  if  the 
target  for  pressure  support  ventilation  is  set  at  20 
cm  HjO.  the  actual  range  is  17.4-22.6  cm  H,0. 

Pressure-Time  Recordings 

Monitoring  of  airway  pressure  is  particularly 
\aluable  in  patients  receiving  mechanical  ventila- 
tion. 

.Airway  Pressure  Profile — By  inspecting  the  air- 
way pressure  tracing,  one  can  determine  the  ven- 
tilatory mode  heing  emplo\ed.  With  spontaneous 
breathing,  airway  pressure  decreases  during  in- 
spiration and  increases  during  expiration;  hin\e\er, 
these  lluctualitins  should  be  \ery  small  unless  the 
ventilator  circuit  poses  a  marked  resistance.  During 
controlled  mechanical  \entilation.  increases  in  air- 
way pressure  occur  at  regular  inters als  without  a 
preceding  negative  pressure  deflection.  During  as- 
sisted \entilation.  a  negative  pressure  detlection 
(reflecting  the  patient's  effort)  occurs  immediately 
before  the  rise  in  airway  pressure:  if  the  patient's 
respiratory  efforts  are  less  IVequcni  than  the  back- 
up rate  of  the  ventilator,  some  of  the  breaths  show 
pressure  profiles  of  the  form  seen  with  ci)ntrolled 
mechanical  ventilation.  During  synchronized  inter- 
mittent mandator)  seiitilalion.  a  mixture  of  auway 
pressure  profiles  is  seen — some  of  the  spontaneous 
breathing  variety  and  others  of  the  type  obser\ed 
with  \cntilator  assistance.  A  plateau  ui  airway  pres- 
sure is  expected  during  both  pressure-support  ven- 
tilation and  pressure-control  ventilation,  but  in- 
spiratory time  is  constant  with  the  latter  whereas  it 
is  of  variable  duration  w  ith  the  tormer. 

A  continuous  recttrding  of  airwa\  pressure  can 
provide  \aluable  information  regarding  the  amount 
of  active  respiratory  work  being  performed  by  a  pa- 
tient receixuig  \enlilalor  assistance.  During  con- 
trolled \entilalion  m  a  conipletelx  relaxed  patient, 
the  ventilator  develops  all  ot  the  pressure  necessary 


to  overcome  the  resistive,  elastic,  and  inertial  prop- 
erties of  the  respiratory  system,  in  this  situation, 
the  airwa>  pressure  tracing  show s  a  smimth  rise,  re- 
mains con\ex  upward,  and  is  highl\  reproducible 
trt)m  breath  to  breath  (Fig.  1  "I.  During  assisted  ven- 
tilation, the  patient  usually  triggers  the  ventilator 
by  generating  isometric  pressure  of  -I  to  -2  cm 
H^O.  However,  the  inspiratory  muscles  do  not  stop 
contracting  once  the  \entilator  has  been  triggered; 
instead.  lhe\  continue  to  contract  throughout  a 
large  jiorlion  of  the  mechanically  dcli\ered  breath."" 
The  degree  of  deformation  and  sct)oping  o\'  the  air- 
way pressure  tracing  provides  a  means  of  mon- 
itoring the  amount  of  effort  expended  by  a  patient 
dining  the  period  of  ventilator  sLipport.  In  par- 
ticular, excessive  scalloping  of  the  airwav  pressure 
tracing  suggests  an  inadecjuate  inspirators  flow  set- 
ting. On  the  other  hand,  a  very  fast  rise  in  airway 
pressure  suggests  an  inappropriatelv  high  How  set- 
tins. 


Passive 
inflation 


Assisted 
breath 


Pressure-time 
product 


Time 

Fig.  1  Airway  pressure  (Paw)  tracings  during  controlled 
mechanical  ventilation  in  a  completely  relaxed  patient 
(top)  and  during  an  assisted  breath  (middle).  The  shaded 
area  in  the  bottom  tracing  is  the  pressure-time  product  of 
the  inspiratory  muscles  calculated  as  the  difference  in 
area  subtended  by  Paw-tirne  curve  in  the  presence  (mid- 
dle) and  absence  (top)  of  the  inspiratory  muscle  activity. 
(Reproduced  from  Reference  3.  with  permission.) 

If  one  assumes  ihal  the  energv  required  lo  mll.ite 
the  respiralorv  svsicni  is  similar  under  [xissivc  and 
active  conditions,  energv  expenditure  o\  the  pa- 
tient's respiratorv  muscles  can  be  estimated  by  sub- 
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trading  the  area  under  an  inflation  pressure-time 
curve  generated  when  the  patient  is  contrihuting  to 
the  work  of  inspiration  from  the  area  under  a  curve 
generated  in  the  absence  of  inspiratory  muscle  ac- 
tivity (Fig.  1).  This  method  of  estimating  energy 
expenditure  is  valid  only  if  the  active  and  passive 
curves  are  generated  under  conditions  of  identical 
inspiratory  tlow,  tidal  volume,  and  frequency,  and 
provided  that  the  mechanical  properties  of  the 
lungs  and  chest  wall  remain  unchanged  between 
the  generation  of  the  two  curves. 

Peak  .Airway  Pressure — In  a  ventilator-supported 
patient,  alterations  in  peak  pressure  at  the  airway 
opening  are  sensitive  indicators  of  abnormal  pul- 
monary mechanics  (provided  ventilator-delivered 
tidal  volume  and  inspiratory  tlow  are  unchanged) 
because  peak  pressure  is  influenced  by  a  number  of 
factors  (Table  1 ).  If  an  elevated  peak  airway  pres- 
sure is  detected,  additional  maneuvers  such  as  air- 
way occlusion  should  be  performed  to  elucidate  the 
etiology."'  A  decrease  in  peak  airway  pressure  may 
result  from  a  cuff  leak  or  vigorous  spontaneous  ef- 
forts by  the  patient. 

Table  1.    Functional    Disturbances    Causing    an    Increase    in 
Pressure  at  the  Airway  Opening 


Functional  Disturbance 


Pressure  Change 


Increase  in  end-expiratory  Psi*  Increased  P,i 

ot  respiratory  system 

Increase  in  viscoelastic  pressure       Increased  difference 
gradient  dissipations  and/or  between  P|  and  Ps, 

time-constant  inequalities 


Increase  m  airway  resistance 


Increase  in  endotracheal  tube 
resistance 


Increased  difference 
between  peak  P,,  and 
Pi 

Increased  difference 
between  peak  P.,,,  and 
peak  P„ 


*Psi  =  static  recoil  pressure;  P|  =  airway  pressure  immediately  after 
brief  (0.1-s)  end-inspiralory  pause;  P|r  =  tracheal  pressure  (measured 
distal  to  carinal  end  of  endotracheal  tube);  Pao  =  pressure  at  airuay 
opening. 


Peak  airway  pressure  is  used  in  the  calculation 
of  "effective  dynamic  compliance  (Cdyn)."  which  is 
derived  bv  dividine  ventilator-delivered  volume  bv 


the  peak  airway  pressure  (minus  PEEP).'  This  in- 
dex is  not  a  measure  of  true  thoracic  compliance 
because  peak  airway  pressure  also  includes  the  re- 
sistive pressure  component  of  the  applied  pressure. 
However,  Cdyn  does  reflect  the  effective  inspi- 
ratory impedance  of  the  respiratory  system  and  is  de- 
creased by  disorders  of  the  airways,  lung  paren- 
chyma, and  chest  wall.  A  more  correct  measurement 
of  dynamic  compliance  is  obtained  by  dividing  tidal 
volume  by  the  airway  pressure  immediately  fol- 
lowing end-inspiratory  occlusion  (Pocciusion);  as  be- 
fore, PEEP  must  be  subtracted  from  Pocciusion  when 
calculating  compliance.  Pocciusion  is  the  airway  pres- 
sure that  immediately  follows  end-inspiratory  occlu- 
sion and  is  followed  by  a  slow  decline  to  plateau 
pressure.^ 

End-inspiratory  Occlusion  Pressure — Measurement 
of  the  pressure  at  the  airway  opening  during  an  end- 
inspiratory  pause  is  routinely  used  in  the  calcula- 
tion of  "static"  compliance  of  the  total  respiratory 
system.^  To  measure  distending  transthoracic  pres- 
sure, the  patient  must  be  relaxed  and  making  no 
respiratory  effort.  Conditions  of  zero  gas  tlow  are 
achieved  by  employing  an  inspiratory  hold  or  by 
occluding  the  expiratory  port  long  enough  to  allow 
the  airway  pressure  to  reach  a  constant  value  (usu- 
ally 1-2  seconds).  This  pressure,  commonly  termed 
plateau  pressure,  represents  the  static  elastic  recoil 
pressure  of  the  total  respiratory  system  at  end- 
inflation  volume  (Psi).  If  the  patient  is  receiving  ex- 
ternal PEEP  or  demonstrates  the  presence  of  auto- 
PEEP,  the  PEEP  needs  to  be  subtracted  from  the 
plateau  pressure  in  order  to  calculate  the  correct 
distending  pressure.  Volume  measurements  should 
be  made  at  the  connection  port  of  the  endotracheal 
tube,  or  the  calculations  need  to  take  into  account 
the  volume  stored  in  the  distensible  ventilator  tub- 
ing (ie,  the  compression  volume).  Thus,  total  tho- 
racic compliance  is  calculated  as 


Compliance : 


Volume  delivered  -  (Ppia 


PEEP)  •  CV 


Ppla 


PEEP 


where  Ppijicau  =  plateau  pressure,  and  CV  =  the  correc- 
tion factor  for  volume  compressed  in  the  tubing. 

Examination  of  the  plateau  pressure  during  pres- 
sure support  or  pressure  control  ventilation  also 
provides   helpful    information   on    ventilator   per- 
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formance.  The  failure  to  reach  a  plateau  pressure 
should  arouse  suspicion  of  a  leak,  although  such 
failure  could  also  be  due  to  inadequate  How. 

End-Kxpiratory  Occlusion  Pressure — Occlusion 
of  the  air\\a>  at  end-expiration  provides  important 
information  because  the  pressure  in  the  lungs  and 
ventilator  circuit  equilibrate  and  the  static  recoil 
pressure  of  the  respirator)  system  is  displayed  on 
the  ventilator  manometer.  This  pressure  is  normally 
zero,  and  a  positive  value  indicates  the  presence  of 
auto-PEEP.*''  This  pressure  is  also  called  occult 
PEEP  because  it  is  not  normally  detected  by  the 
ventilator  manometer,  which  is  open  to  at- 
mosphere. The  major  problem  with  the  end- 
expiratory  occlusion  technique  of  measuring  auto- 
PEEP  is  the  difficulty  in  timing  the  occlusion, 
which  needs  to  be  performed  immediately  before 
the  patient  commences  the  next  inspiratory  effort. 
Consequently,  it  is  most  easily  achieved  in  par- 
alyzed patients  receiving  controlled  \entilation. 
The  Siemens  900C  Servo  ventilator  has  a  special 
end-expiratory  hold  button  to  help  with  this  meas- 
urement.'" 

Mean  .Airway  Pressure  (Pa„ ) — Monitoring  of  he- 
modynamic status  has  progressed  from  measure- 
ments of  systolic  and  diastolic  pressure  to  measure- 
ment of  mean  pressure.  Vasoactive  therapy  is 
increasingly  being  guided  by  the  mean  pressure  re- 
sponse. Likewise,  interest  is  growing  in  the  use  of 
P^^v  to  guide  alterations  in  ventilator  settings."  '■* 
Changes  in  Paw  play  a  major  role  in  mediating  ven- 
tilator-induced alterations  in  gas  exchange,  car- 
diovascular function,  and  barotrauma.  The  im- 
portance of  Paw  as  a  determinant  of  oxygenation 
was  first  emphasized  by  Boros  et  al."'-  who  stud- 
ied ventilator-supported  neonatal  infants  and  pre- 
mature lambs  with  severe  lung  disease.  They  varied 
the  inspiratory-expirator\  ratio  (1:H)  and  PEEP  and 
found  that  improvements  in  oxygenation  were  di- 
rectly related  to  increases  in  Pa„  but  not  to  I:E  or 
PEEP  per  se.  The  improvement  in  oxygenation 
seen  with  increases  in  Paw  is  thought  to  be  due  to 
recruitment  of  collapsed  alveoli  and/or  the  re- 
distribution of  lung  lluid. 

Paw  should  be  measured  close  to  the  endo- 
tracheal tube  using  a  pressure  tap  directed  per- 
pendicular to  axial  flow.  It  can  be  calculated  as  the 


area  under  the  pressure-time  curve  during  both  in- 
spiration (t,)  and  expiration  (te)  divided  by  the  time 
of  a  total  respiratory  cycle  (tioi).  It  is  considered  a 
clinically  useful  composite  of  all  of  the  pressures 
transmitted  to  the  airway  by  the  ventilator  because 
it  is  affected  b>  peak  airway  pressure  (Ppeak).  dura- 
tion of  positive  pressure  ventilation,  PEEP  (auto- 
and  external),  inspiratory  flowrate,  pressure  wave- 
forni,  and  compliance  and  resistance  of  the  res- 
piratory system.  These  factors  can  be  reduced  to 
three  primary  variables:  inspiratory  airway  pressure 
(Pawi),  fractional  inspiratory  time  (tj/tuit).  and  PEEP. 
In  a  patient  receiving  passive  mechanical  ventila- 
tion with  a  constant  How,  mean  airway  pressure  is 
the  following: 

Paw  =  (Pawi)  (t,/t,ot)  +  PEEP  (te/ttoi  )• 

Several  options  exist  to  increase  Paw  in  a  ven- 
tilator-supported patient  (Table  2),  but  such  meas- 
ures are  appropriate  only  if  al\eolar  recruitment  is 
still  possible.'-^  Although  Boros  et  al"  '-  observed  a 
direct  relationship  between  mean  airway  pressure 
and  improvement  in  oxygenation,  all  methods  of 

Table  2.    Methods  of  Increasing  Mean  Ain\ay 
Pressure  ( Paw ) 


Method 


Cause  of  Increase  in  Pai 


Increase  in  tidal  \olume  Increase  in  tidal  elastic 

pressure 

Increase  in  respiratory  Reduction  in  te*  produces 

frequency  dynamic  hypcrinnaiion  and 

auto-PEEP 

Decrease  in  inspiratory  Increase  in  t,  and  decrease 

tlowrate  in  tc  leads  to  dynamic  hyper- 

inflation 

.Addition  of  end-inspiratory        Increase  in  t,  and  decrea.se 
pause  in  to  leads  to  dynamic  hyper- 

inflation 

Selection  of  decelerating  Greater  proportion  of  aver- 

flow  profile  age  flow  delivered  earlier  in 

inspiration 


.Addition  of  PEEP 


Increase  in  airway  pressure 
during  expiration 


*{c=  expiratory  lime:  t,  =  inspiratory  time. 
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increasing  Pa„  ma\  not  be  equivalent,  and  several 
lines  of  e\idence  suggest  that  maintenance  of  a  cer- 
tain level  of  PEEP  may  be  an  important  co-factor.'"" 

Volume  and  Flow  Monitoring 

Volume-Measuring  Devices 

Spirometers  are  commonly  employed  in  pul- 
monary function  laboratories  to  measure  inspired 
and  expired  lung  volumes.'^  These  devices  contain 
an  expandable  collecting  chamber  that  alters  di- 
mension as  gas  enters  or  leaves  it.  One  of  the  ear- 
liest models  was  the  water-sealed  spirometer. 
which  consists  of  a  bell  suspended  by  a  chain  and 
pulley  mechanism  and  sealed  from  the  atmosphere 
by  water.  Movement  of  the  bell  with  respiration  is 
recorded  on  a  kymograph.  Dry  rolling-seal  spi- 
rometers are  more  commonly  employed  today. '^ 
These  operate  through  displacement  of  a  piston  by 
gas  entering  and  leaving  the  spirometer.  Movement 
of  the  piston  can  be  interfaced  with  a  potentiometer 
that  generates  a  change  in  voltage,  which  is  pro- 
portional to  change  in  volume. 

In  general,  water-sealed  or  dry  rolling-seal  spi- 
rometers are  not  practical  for  monitoring  ventila- 
tion in  patients  receiving  mechanical  ventilation. 
Their  large  bulk  makes  them  inconvenient,  and 
continuous  recordings  are  difficult  to  obtain.  How- 
ever, a  variant  consisting  of  a  bellows  housed  in  a 
graduated,  transparent  plastic  bell  was  employed  in 
earlier  Bennett  ventilator  models  such  as  the  MA-1. 
Accuracy  of  the  latter  spirometer  was  ±  100  mL. 
which  is  considerably  less  than  the  ±  20-mL  ac- 
curacy of  spirometers  employed  in  pulmonary 
function  laboratories.- 

Small,  hand-held  spirometers  are  commonly  em- 
ployed to  obtain  spot  checks  of  tidal  volume  (Vy) 
and  minute  ventilation  (\fe).  These  devices  operate 
through  a  rotating  vane  mechanism  that  is  driven 
by  gas  flow.  Because  they  can  be  placed  between 
the  ventilator  circuit  and  the  patient's  airway,  they 
avoid  the  problem  of  inaccurate  measurements  re- 
sulting from  compressed  volume,  which  I  discuss 
later.  They  are  reasonably  accurate  at  tlourates  of 
3-200  L/min,  but  tlowrates  above  300  L/min  can 
damage  the  vanes  and  produce  inaccurate  re- 
sults.-'*''' Inaccurate  results  may  also  result  from 
accumulation  of  moisture:  thus,  the  device  should 


be  dried  between  use  by  gently  blowing  dry  gas 
through  the  apparatus.  Popular  examples  of  hand- 
held spirometers  include  the  Wright,  Boehringer, 
and  Ohmeda  Respirometers. 

Changes  in  thoracic  volume  can  also  be  meas- 
ured indirectly  by  monitoring  rib  cage-abdominal 
motion.-"  Most  experience  has  been  obtained  with 
the  respiratory  inductive  plethysmograph  (NIMS. 
Miami  Beach  PL),  which  consists  of  two  trans- 
ducers placed  around  the  rib  cage  and  abdomen. 
These  transducers  generate  frequency-modulated 
signals  that  are  proportional  to  alterations  in  the  en- 
closed cross-sectional  area.  The  signals  are  sent  to 
a  demodulator/calibrator  unit  that  converts  them 
into  a  proportional  voltage,  which  can  be  amplified 
and  recorded.  With  careful  calibration,  measure- 
ments of  tidal  volume  with  the  respiratory  in- 
ductive plethysmograph  are  within  10%  of  spir- 
ometric  measurements.-'-- 

Flow-Sensing  Devices 

Accurate  measurement  of  airflow  is  vital  to  the 
effective  operation  of  a  mechanical  ventilator  and 
in  patient  monitoring.  Flow  is  usually  measured  by 
a  pneumotachograph  (sometimes  termed  an  ane- 
mometer) that  can  be  attached  to  a  mouthpiece.-''"-^ 
To  avoid  the  risk  of  impeding  airflow,  the  re- 
sistance of  a  pneumotachograph  should  be  <  1.5 
cm  H2O  ■  s  •  L"'.-'  Likewise,  dead  space  should  be 
kept  to  a  minimum  (<  15  mL).  A  number  of  differ- 
ent flow-sensing  devices  are  available. 

Fleisch  Pneumotachograph — The  Fleisch  pneu- 
motachograph consists  of  a  bundle  of  capillary 
tubes  with  parallel  sides  that  provide  a  small  fixed 
resistance  to  airflow.-''-'*  Pressure  taps,  located  at 
both  ends  of  the  capillary  tubes,  measure  the  pres- 
sure drop  that  develops  as  gas  flows  through  the 
device  (Fig.  2).  Under  laminar  conditions,  the  re- 
lationship between  the  fall  in  pressure  and  tlowrate 
is  described  by  Poiseuille"s  lav\ : 

.-.    APTtr* 


8nl 


wtiere  Vis  gas  tlow.  AP  is  drop  in  pressure,  r  is  radius  of 
the  resistor,  n  is  gas  viscosity,  and  1  is  the  length  of  the 
resistor. 
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Diaphragm 
Fig.  2.  Schematic  representation  of  a  Fleisch  pneumo- 
tachograph with  a  differential  pressure  transducer.  (Re- 
produced from  Reference  24.  with  permission.) 


Thus,  if  the  configuration  of  the  pneumotachograph 
and  gas  viscosity  remain  unchanged,  the  tall  in 
pressure  is  directly  proportional  to  tlov\rate.  Be- 
cause gases  have  ditferent  viscosities,  cahbration 
should  be  performed  with  the  same  mixture  of  gas- 
es that  is  to  be  used  during  measurement.  Air  and 
oxygen  have  viscosities  of  1  S4  and  200  poise,  re- 
spectively, with  the  result  that  a  pneumotachograph 
calibrated  v\ilh  room  air  yields  a  falsely  ele\ated 
volume  of  l2-.^()'r  when  measurements  are  made 


with  the  subject  breathing   l()()7r  O2 


A  major 


problem  with  the  Fleisch  pneumotachograph  is  the 
accumulation  of  water  and  secretions  in  the  cap- 
illaiA  tubmg  that  leads  to  alterations  in  resistance 
and  inaccurate  results.  Warming  the  pneumotach- 
ograph to  body  temperature  decreases  condensa- 
tion, but  moisture  accumulates  over  time  and.  thus. 
these  instruments  caruiol  he  used  tor  prolonged 
monitoring. 

Screen  Pneumotachojiraph — These  devices  pei- 
form  in  a  manner  siimlar  to  that  ot  the  Fleisch 
pneumotachograph  but  contain  a  fine-mesh  screen 
rather  than  capillar)  tubes  to  produce  a  linear  tlow- 
pressure  relationship.  Reported  accuracy  is  within 
±  5%  over  a  wide  range  of  flows.-  Purported  ad- 
vantages of  screen  pneumotachographs  include  de- 
creased dead  space,  better  frequencN  response,  and 
ease  of  disassembly  for  cleaning  purposes.-'  How- 
ever, absorption  of  moisture  produces  clogging, 
and  thus  they  need  to  be  cleaned  on  a  regular  basis. 


This  type  of  pneumotachograph  is  employed  in  the 
Siemens  900  series  of  \entilators  (Siemens-F.lema 
Ventilator  .Systems.  Schaumburg  IF  I.  In  one  of  the 
leu  studies  examining  the  aceurac\  of  \entilator- 
incorporated  flow  sensors.  Synnott  and  Wren"'* 
found  the  output  oi'  the  Siemens  Serxci  9()()C  flow 
transducer  to  be  \irtuall\  identical  to  that  of  a 
I'leisch  pneumotachitgraph;  unloitunatel\.  the\  dkl 
not  report  the  ilala  on  which  lhe\  based  this  conclu- 
sion. 

Orifice  Pneumotachograph — Orifice  pneumo- 
tachographs vvere  de\ eloped  because  the  screen- 
type  and  Fleisch  pneumotachographs  become 
clogged  with  water  droplets  and  nmisture.  These 
sensors  are  small  enough  to  create  a  measurable  re- 
sistance to  airflow,  while  being  sufficientK  large  to 
permit  the  passage  of  water  droplets.  I'wo  major 
tonus  ol  oriflce  pneumotachographs  exist.  One  has 
a  relatively  large  orifice  that  results  in  turbulent 
flow  and  thus  needs  to  be  used  in  conjunction  with 
a  Imeari/ing  electrt)nic  circuit.  Fhc  second  l\pc  oi 
sensor  incorporates  an  elastic  flap  in  the  middle  of 
the  oriflce  that  produces  mechanical  linearization 
of  flow .  and.  thus,  is  termed  a  variable  oriflce  pneu- 
motachograph (Fig.  .^).-""'  The  variable-orifice 
pneumotachograph  is  cmpk)\ed  in  the  Bird  S400ST 
ventilator  (Bird  Products  Coip.  Palm  Springs  CA) 
and  in  the  Bicore  Monitoring  System  (Bicore  Mon- 
itoring Sv stems.  Irvine  C.^). 

Pressure  Tubes 


Fixed   Qf  Variable 
Orifice  Orifice 

Fig.  3,  Schematic  representation  of  an  orifice  pneumo- 
tachograph. (Reproduced  from  Reference  24,  with  per- 
mission.) 

Hol-Wire  Pneumotacliojiraph — This  type  of  sen- 
sor consists  oi  a  thin  wire,  such  as  platinum,  posi- 
tioned in  the  middle  of  a  tube  and  heated  (Fig. 
4 ).-■'•"*'•■'"  As  gases  pass  through  (he  lube,  the  wire 
rapidly  loses  heat.  Cooling  is  offset  bv  an  elec- 
tronic circuit  that  adils  more  current  to  maintain  a 
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cDtislant  temperatiiic  in  the  wire.  The  ammmt  of 
current  added  is  propmlioiial  to  the  airtlovv.  Pur- 
poited  advantages  of  this  device  are  its  lack  of 
niovinLi  parts  (which  ehniuiaies  wear  inoblem.s). 
tiie  virtual  absence  of  resistance  to  airflow,  its  ex- 
trenieh  fast  response  time,  and  immunity  to  chang- 
es in  gas  density.  However,  accuracy  is  affected  by 
ahitude.  aiiihient  temperature,  moisture,  and  tur- 
bLilence.  This  type  of  sensor  is  employed  in  the  Pu- 
ritan-Bennett 7200  series  of  ventilators  (Puritan- 
Bennett  Corp.  Overland  Park  KS).  but  little  or 
nothing  has  been  published  to  verify  its  accuracy. 


■=> 


Fig.  4.  Schematic  representation  of  a  hot-wire  pneumo- 
tachograph, (Reproduced  from  Reference  24.  with  per- 
mission.) 

Vortex-Shedding  Pneumotachograph — The  pas- 
sage of  air  through  a  nairow  tube  containing  an  ob- 
struction produces  turbulent  gas  flow  and  creates 
waves  or  vortices.  In  this  instrument,  struts  are  stra- 
tegically placed  in  a  tube  to  create  vortices  that  are 
detected  bv  an  ultrasonic  beam  placed  downstream 
of  the  strut  (Fig.  5).  The  degree  of  turbulence  is 
proportional  to  the  tlovvrate.  In  a  detailed  evalua- 
tion. \\  estenskow  and  Tucker'''  found  the  accuracy 
of  a  vortex  flow  sensor  to  be  better  than  ±  2.5% 


Obstructing 
strut 

Air                      \ 

Ultrasonic 
/    crystal 

now                     \            ^ 

^       >; 

^ 

a) 

Vortex 

Receiver 

-     Pulses 

Volume 

uou 

signal 

Fig.  5.  Schematic  representation  of  a  vortex  pneumo- 
tachograph. (Reproduced  from  Reference  24,  with  per- 
mission.) 


over  a  How  range  of  .'^-2.>0  L/min.  Variations  in  hu- 
miditv.  pressure,  temperature,  and  gas  composition 
caused  the  llowmeter  to  change  b}  less  than  ±  47c 
of  the  reading. '^  Accuracy  may  deteriorate  at  high 
tlowrates  because  the  latter  may  create  turbulence 
sufficient  to  produce  confluent  vortices.  Inaccurate 
results  may  also  result  from  condensation  ot  water 
on  the  struts  or  sensors.  This  is  the  type  of  sensor 
employed  in  the  Bourns  hand-held  ventilation  mon- 
itor (Model  LS-73)  and  in  the  Bear  series  of  ven- 
tilators (Bear  Medical  Systems  Inc.  Riverside  CA). 

Turbine  Pneumotachograph — This  device  incor- 
porates a  turbine  that  rotates  with  gas  tlow.'--'"*'^ 
As  the  turbine  rotates,  one  of  its  blades  interrupts  a 
beam  of  light  shining  on  a  photocell,  which  in  turn 
is  translated  into  a  measure  of  airflow .  Advantages 
of  this  sensor  are  its  reported  immunity  to  tur- 
bulence, gas  composition,  water  vapor,  and  tem- 
perature. A  major  limitation  is  the  inertia  of  the 
blades  in  the  turbine,  which  results  in  a  poor  re- 
sponse to  rapid  changes  in  airflow.  Its  signal  has 
been  shown  to  lag  behind  a  Fleisch  signal  at  the 
start  of  inspiration  or  expiration  (■"lag-before-start" 
effect)  and  to  indicate  flow  for  a  few  moments  after 
the  Fleisch  signal  has  returned  to  zero  at  the  end  of 
inspiration  or  expiration  C'spin-after-stop""  effect)'"' 
(Alpha  Technologies.  Laguna  Hills  CA). 

Problems  with  Volume  Measurements 

Compression  Volume — The  phenomenon  of  ven- 
tilator-circuit compression  volume  is  an  important 
consideration,  especially  in  patients  with  marked 
abnormalities  in  lung  mechanics.  During  the  in- 
flatiim  phase  of  mechanical  \entilatit)n.  pressure 
rises  within  the  ventilator  circuit,  causing  elonga- 
tion and  distention  of  the  tubing  and  compression 
of  the  gas  within  the  circuit.  The  volume  stored  in 
the  circuit  never  reaches  the  patient,  and.  thus,  the 
volume  received  is  less  than  the  set  \alue.  During 
the  expiratory  phase,  however,  the  gas  ctjmpressed 
in  the  circuit  is  released  through  the  exhalation 
valve  and  is  measured  with  the  exhaled  gases  from 
the  patient.  As  a  result,  recorded  exhaled  tidal  vol- 
ume is  higher  than  that  received  by  the  patient.  The 
magnitude  of  compression  volume  is  determined 
b\  the  internal  \i)lume  of  the  ventilator,  the  \olume 
of  the  in  line  humidifier  (and  the  amount  of  water 
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in  it),  and  the  characteri.stics  of  the  eiivuit  tubing 
sueh  as  length,  diameter  and  compliance,  and  in- 
tlation  pressure. 

Compression  volume  can  be  partitiiined  trom  the 
volume  delivered  to  a  test  lung  using  a  special 
valve  system.'^' "  A  compression  factor  or  ratio  can 
be  calculated  as 

compression  volume 
inflation  pressure 

In  making  this  calculation,  plateau  rather  than  peak 
airway  pressure  is  preferred,  although  this  probably 
makes  very  little  difference."'  '^  The  compression 
factor  is  greater  at  high  inflation  pressures,  such  as 
occur  with  increased  airway  resistance  or  low  lung 
compliance.  For  example,  with  the  Marquest  circuit 
the  compression  factor  is  1 .4  mL/cm  H2O  at  an  in- 
flation pressure  of  19  cm  H^O  compared  with  2.1 
mL/cm  H;0  at  a  pressure  of  63  cm  H^O.  In  addi- 
tion, the  compression  factor  is  greater  with  dis- 
posable circuits.  For  example,  at  an  inflation  pres- 
sure of  63  cm  HiO.  the  Intertech.  Marquest.  and 
Inspiron  disposable  circuits  ha\e  compression  fac- 
tors of  2.6.  2.1.  and  1.9  mL/cm  H^O.  respectively, 
compared  \\  ith  1 .4  mL/cm  H^O  for  the  non- 
disposable  Bennett  circuit.'*"  This  difference  is 
less  marked  at  low  inflation  pressures. 

The  failure  of  the  caregiver  to  allow  for  wasted 
compression  volume  may  result  in  hypoventilation 
in  ventilator-supported  patients,  particularly  those 
with  increased  airway  resistance  or  low  com- 
pliance. It  can  also  result  in  a  falsely  high  value  for 
calculated  thoracic  compliance.  In  addition,  it  may 
afTect  the  calculations  of  O^  consumption,  CO2  pro- 
duction, and  dead  space  because  it  falsely  elevates 
exhaled  O2  concentration  and  falsely  decrea.ses  ex- 
haled COi  concentration.  Accordingly,  a  special 
valve  system  to  separate  exhaled  gas  from  gas  com- 
pressed in  the  circuit  should  be  employed  when 
making  such  measurements. 

Some  ventilators,  such  as  the  Bennett  7200  se- 
ries, attempt  to  correct  for  compressed  volume.'** 
For  example,  for  a  set  voknne  of  1.000  niL.  cimi- 
pression  factor  of  4  mL/cm  H^O.  and  inflation  pres- 
sure of  50  cm  H;0.  the  volume  received  by  the  pa- 
tient is  calculated  as 

received  volume  =  1 ,()()()  -  (4  v  50)  =  800  niL.  I  1 1 


The  ventilator  can  detect  the  200  mL  that  remains 
in  the  circuit  and  adjust  for  this  by  automatically 
increasing  the  set  volume  of  the  next  breath  to 
1.200  mL,  which  will  result  in  an  inflation  pressure 
of  60  cm  HiO.  Consequently,  for  the  second  and 
successive  breaths. 

received  volume  =  1 .200  -  (4  x  60)  =  960  mL.  [2] 

received  volume  =  1 .240  -  (4  x  65)  =  980  mL.  [  3  ] 

received  volume  =  1.260- (4  x  67)  =  992  mL.  14] 

received  volume  =  1 ,268  -  (4  x  68)  =  996  mL.  1 5  ] 

received  volume  =  1.272  -  (4  x  68)  =  1.000  mL.  |6| 


It  can  be  seen  that  received  volume  should  rapidly 
reach  the  set  volume  when  this  iterative  approach  is 

used."* 

BTPS  Correction — When  gas  exits  a  patient  it  has 
a  temperature  of  37''C.  and  it  continually  cools  as  it 
travels  to  the  exhalation  valve,  with  the  result  that 
gas  temperatures  vary  from  body  temperature  to 
ambient  temperature  in  the  ventilator  system.'*" 
This  becomes  important  because,  according  to 
Charles's  law.  gas  vulume  varies  directly  with 
changes  in  absolute  temperature.  Gas  volume 
measured  at  ambient  temperature  and  pressure  is 
said  to  be  at  ATPD  or  ATPS.  depending  on  wheth- 
er it  is  dry  or  saturated  with  water  vapor.""  Gas  in 
the  lung  is  at  body  temperature  and  pressure  and 
saturated  with  water  vapor  (BTPS).  Although  the 
mass  of  gas  does  not  change,  the  measured  v  olume 
depends  on  the  temperature  at  the  point  of  measure- 
ment. If  a  difference  in  temperature  exists  between 
a  flow-  or  volume-measuring  device  and  the  pa- 
tient, a  correction  factor  is  necessary  to  report  vol- 
ume under  BTPS  conditions.  For  example,  at  an 
ambient  temperature  of  20^C.  the  factor  to  convert 
from  ATPS  to  BTPS  is  1.102.-"  If  inspired  gas  is 
heated  to  body  temperature,  a  correction  factor  is 
not  needed.  Likewise,  if  a  pneumotachograph  is 
placed  close  to  the  patient's  airwav.  the  exhaled 
gas  is  at  about  37  "C  and  saturated  (lOO'V  humid- 
ity), and  a  correction  factor  is  not  needed. -■* 

Because  temperature  and  pressure  sensors  are  in- 
corporated into  most  ventilators,  conversion  from 
ATPS  to  BTPS  should  be  an  easy  task.  Ventilators 
differ  considerabls  in  attempts  to  correct  for  BTPS 
ciinditions.  The  expired  volumes  measured  by  the 
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Bear  5  ventilator  can  be  corrected  to  ATPD  or 
BTPS  by  employing  a  user-selectable  switch.  The 
tlow  sensor  resides  in  a  temperature-controlled 
chamber  that  heats  and  maintains  gas  at  approx- 
imately 90°F.  If  BTPS  is  selected,  the  flow  sensor 
signal  will  be  corrected  to  98.6°F  (assuming  a  rel- 
ative humidity  of  99%).  If  ATPD  is  selected,  the 
signal  is  not  corrected,  and  a  relative  humidity  of 
15%  is  assumed  (Tom  Westfall,  Bear  Medical,  per- 
sonal communication,  1992).  The  Bird  8400ST 
ventilator  corrects  volumes  to  BTPD  (Douglas 
DeVries.  Bird  Products  Corp.  personal  communica- 
tion. 1992).  The  conversion  employed  by  the  Pu- 
ritan-Bennett 7200  ventilator  is  based  on  the  as- 
sumption that  the  gas  leaving  the  patient  Y  is  100% 
humiditled  at  37  "C.  Other  ventilators,  such  as  the 
Siemens  900C,  do  not  include  any  BTPS  correction 
factor  (Bradford  M  Saunders.  Siemens  Life  Sup- 
port Systems,  personal  communication.  1992). 

Humidity  Effect — Measurement  of  gas  volume  is 
also  affected  by  humidity.  The  measured  volume  of 
a  given  mass  of  gas  is  greater  when  the  gas  is  sat- 
urated with  water  vapor  than  when  it  is  dry.  This 
effect  of  humidity  is  greater  at  higher  temperatures, 
reflecting  the  increased  ability  of  a  warm  gas  to  re- 
tain moisture.  For  example,  if  a  given  mass  of  gas 
measures  1,000  mL  at  21°C  under  dry  conditions, 
when  saturated  with  water  vapor  it  will  increase  to 
1,007  niL  at  2rC  and  to  1,022  niL  at  37°C.  De- 
spite the  importance  of  this  effect,  manufacturers 
generally  do  not  incorporate  humidity  sensors  into 
ventilators. 

Volume-Based  Indices 

Minute  ventilation  is  about  6  L/min  in  resting 
healthy  subjects.^-  Because  arterial  carbon  dioxide 
tension  (PaCO;)  is  determined  by  the  relationship 
between  alveolar  ventilation  and  CO2  production,  a 
high  minute  ventilation  accompanied  by  hyper- 
capnia  indicates  the  presence  of  increased  dead- 
space  ventilation  and/or  increased  CO;  production.' 
Conversely,  hypercapnia  associated  with  a  low- 
minute  ventilation  should  arouse  the  suspicion  of 
decreased  respiratory  drive,  structural  abnormality 
of  the  thoracic  cage,  or  respiratory  muscle  dysfunc- 
tion. While  a  minute  ventilation  (\fe)  of  less  than  10 
L/min  is  commonly  used  as  a  predictor  of  weaning 
outcome.^"*  one  should  not  relv  on  this  criterion  be- 


cause it  is  associated  with  a  high  rate  of  false- 
positive  and  false-negative  results.^'' 

The  measurement  of  \t  should  be  partitioned 
into  its  respiratory-frequency  and  tidal-volume 
components.  In  healthy  subjects,  respiratory  fre- 
quency is  approximately  17  breaths/min.  and  tidal 
volume  is  approximately  0.40  L.^^  An  increased 
frequency  is  often  the  earliest  sign  of  impending 
respiratory  disa.ster.'*"'"'''  and  the  degree  of  increase 
is  proportional  to  the  severity  of  the  underlying  dis- 
ease.'*^ 

Patients  who  fail  a  trial  of  weaning  from  me- 
chanical ventilation  commonly  display  an  in- 
creased respiratory  frequency  (f)  and  a  low  tidal 
volume  (Vt).'*''  These  two  measurements  can  be 
combined  to  produce  an  index  of  rapid  shallow- 
breathing,  viz,  the  frequency-tidal  volume  ratio,  or 
I/Vt.  In  a  recent  prospective  study  of  patients  being 
weaned  from  mechanical  ventilation.  f/Vy  was  su- 
perior to  conventional  predictors  of  weaning  out- 
come.'''' Of  the  patients  who  had  an  f/Vj  value  > 
100  breaths/minute/L.  95%  failed  a  weaning  trial, 
whereas  80%:  of  the  patients  w  ith  low  er  f/Vj  values 
were  successfully  weaned.  As  a  method  of  as- 
sessing pulmonary  performance  in  critically  ill  pa- 
tients, f/Vj  has  a  number  of  attractive  features:  It  is 
easy  to  measure:  it  is  independent  of  patient  effort 
and  cooperation:  it  appears  to  be  accurate  in  pre- 
dicting the  ability  to  sustain  ventilation:  and,  for- 
tuitously, it  has  a  rounded-off  threshold  value  ( 100) 
that  is  easy  to  remember.  The  precise  patho- 
physiologic basis  of  an  elevated  f/Vr  in  patients 
who  fail  a  weaning  trial  is  not  known,  but  it  may  be 
a  stress  response  retlecting  an  imbalance  between 
respiratory  neuromuscular  reserve  and  respiratory 
demands. 

Comparison  of  inspired  and  expired  Vt  is  help- 
ful in  arousing  suspicion  of  a  leak.  If  expired  vol- 
umes are  substantially  less  than  inspired  volumes, 
one  should  consider  a  leak  around  the  cuff  of  the 
endotracheal  tube  or  in  the  circuit,  or  across  the 
chest  wall  (a  bronchopleural  fistula).  Additional  ev- 
idence of  a  leak  in  a  ventilator-supported  patient  in- 
cludes a  decrease  in  peak  airway  pressure  and  a  fall 
in  peak  expiratory  flowrate. 

Flow-Volume  Curves 

In  the  pulmonary  function  laboratory,  measure- 
ments of  forced  expiration  are  the  most  commonly 
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used  physiologic  test  of  lung  function.  They  play  a 
major  role  in  determining  the  nature  of  lung  dis- 
ease, defining  its  severity  and  progression  over 
time,  and  as.sessing  response  to  therapy."'"  A 
forced  expiratory  maneuver  can  be  examined  in 
terms  either  of  expired  volume  as  a  function  of 
time  or  of  expired  flow  as  a  function  of  lung  vol- 
ume (tlou-Nolume  cur\e).  Four  factors  determine 
maximum  expiratory  flow:  (1)  voluntary  effort.  (2) 
elastic  recoil  pressure  of  the  respiratory  system 
(which  is  the  driving  pressure  for  resting  expira- 
tion), (3)  resistance  of  the  airways  (which  de- 
termines the  frictionai  pressure  loss),  and  (4)  com- 
pliance of  the  airway  at  the  site  of  collapse  (this 
last  factor  can  be  ignored  because  disorders  of 
compliance  of  the  major  airways  rarely  occur  in  the 
absence  of  a  decrease  in  lung  recoil). 

.Maximum  expiratory  flow -volume  curves  are 
commonly  analyzed  in  terms  of  the  tlow  at  a  par- 
ticular volume,  such  as  50%  or  25%  of  vital  capac- 
ity (ie,  509r  or  25%  above  residual  volume).  How- 
ever, analysis  confined  to  such  numerical  indices 
ignores  most  of  the  data  in  the  curve.  Instead,  sim- 
ple inspection  of  a  curve  and  employment  of  pat- 
tern recognition  (similar  to  the  situation  with  elec- 
trocardiography) can  rapidly  yield  important  infor- 
mation. At  a  glance,  one  can  see  the  scalloping  that 
is  characteristic  of  severe  airflow  limitation  (with- 
out re\iewins:  the  numerical  \alues  of  the  various 


derived  indices)  or  flow-volume  profiles  that  sug- 
gest upper  airway  obstruction. 

Flow-\olume  curves  may  also  provide  useful  in- 
formation in  ventilator-supported  patients,  although 
this  has  attracted  relatively  little  scrutiny.  In  con- 
trast to  ambulatory  patients,  in  mechanically  ven- 
tilated patients  forced  expiratory  tests  are  im- 
practical. However,  useful  information  can  he 
derived  from  examination  of  tlow-volume  curves 
obtained  during  spontaneous  breathing.''-  In  a  re- 
laxed patient,  elastic  recoil  of  the  total  respiratory 
system  drives  exhalation;  resistance  to  flow  is  the 
only  opposing  force.  Normal  subjects  display  a 
smooth  decrease  in  expiratory  flow  throughout  ex- 
piration, whereas  patients  with  airflow  limitation 
show  a  curvilinear  pattern  (convex  to  the  volume 
axis)  (Fig.  6).''-'"  Many  of  these  patients  ha\e  auto- 
PEEP,  and  consequentK  their  end-e\piralory  lung 
volume  is  higher  than  their  relaxation  volume.  As  a 
result,  expiratory  flow  stops  abruptly  before  the 
next  mechanical  inflation,  producing  an  expiratory 
flow  curve  with  a  characteristicalK  truncated  ap- 
pearance. 

Determining  whether  external  PEEP  is  inducing 
alterations  in  the  tlow-volume  curve  is  also  helpful 
from  a  diagnostic  viewpoint.  Patients  with  COPD 
and  airflow  limitation  commonly  de\elop  auto- 
PEEP  as  a  result  of  critical  closure  of  the  air- 
ways— the  physiology  of  w  hich  has  been  likened  to 
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Fig.  6.  Average  tidal  flow-volume 
loops  in  seven  patients  witfi  COPD 
during  control  (solid  line)  and  continu- 
ous positive  airway  pressure  (CPAP) 
of  5  cm  HsO  (dotted  line).  Note  that 
expiratory  flow-volume  events  were 
largely  unaffected  by  CPAP  in  Pa- 
tients 1.  2,  4,  and  6,  indicating  tfie 
presence  of  flow  limitation.  (Re- 
produced from  Reference  53.  with 
permission.) 
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a  waterfall,  where  the  height  of  the  waterfall  re- 
flects the  height  of  the  critical  closing  pressure.""'-^-'' 
In  this  situation,  the  driving  pressure  for  flow 
thnnighoul  expiration  is  the  level  of  auto-PEEP  mi- 
nus the  critical  closing  pressure  (height  of  the  wa- 
terfall). Thus,  the  application  of  external  PEEP  at 
levels  up  to  the  level  of  auto-PEEP  has  no  ap- 
preciable effect  on  expiratory  flow,  pressure  up- 
stream (alveolar  pressure),  end-expiratory  lung  \ol- 
ume,  or  the  flow -volume  curve  (Fig.  6).  In  contrast, 
the  effective  expiratory  dri\ing  pressure  in  patients 
v\ithout  airflow  limitation  is  elastic  recoil  pressure 
minus  the  pressure  at  the  airway  opening.  Accord- 
ingly, the  application  of  external  PEEP  will  de- 
crease the  expiratory  driving  pressure  and  produce 
a  decrease  in  expiratory  flow  at  all  lung  \olumes 
and  an  increase  in  end-expiratory  lung  volume 
(Fin.  7). 


PEEP  =  0 


PEEP  =  12 


Volume,  L 

Fig.  7.  Tidal  expiratory  flow-volume  curves  In  a  patient 
with  adult  respiratory  distress  syndrome  receiving  me- 
chanical ventilation.  Note  the  smooth  decrease  in  flow 
throughout  expiration  (in  contrast  to  Figure  6).  The  curve 
on  the  nght  shows  the  effect  of  adding  12  cm  H2O  PEEP; 
note  the  decrease  In  expiratory  flow  and  the  increase  in 
end-expiratory  lung  volume.  (Modified  from  Reference 
52,  with  permission.) 

Bronchodilator  therapy  in  ventilator-supported 
patients  poses  a  problem  not  only  in  terms  of  de- 
lisery  through  an  endotracheal  tube,  but  also  be- 
cause universally  accepted  indices  of  broncho- 
dilatation  do  not  exist  nor  do  we  know  what  degree 
of  change  in  an  index  reflects  meaningful  clinical 
improvement.  In  a  recent  study  (1987).  Gay  et  aF*" 
measured  lung  mechanics  before  and  after  the  ad- 
ministration of  aerosolized  metaproterenol.  They 
recorded  airway  pressure,  flow,  and  lung  volume 
during  controlled  inflation  and  stepwise  deflations 
of  the  relaxed  respiratory  system  at  kmg  \olumes 


between  end-inspiration  and  static  equilibrium  vol- 
ume. An  increase  in  expiratory  flow  at  a  constant 
recoil  pressure  (ie,  constant  lung  \olume)  was  con- 
sidered to  represent  bronchodilatation  because  the 
medication  did  not  alter  the  pressure-\c)lume  re- 
lationships of  the  respiratory  system.  They  ar- 
bitrarily selected  a  recoil  pre.s.sure  of  6  cm  H2O  and 
noted  the  change  in  expiratory  flow  after  drug  ad- 
ministration. Expiratory  flow  increased  by  59% 
(from  0.22  to  (J.35  Us),  associated  with  a  25%  de- 
crea.se  in  auto-PEEP  (from  9.6  to  7.2  cm  H.O)  and 
a  0.2-L  decrea.se  in  end-expiratory  lung  volume. 
Comparison  of  flow-volume  curves  before  and  af- 
ter metaproterenol  shows  an  increase  in  expiratory 
flow  at  comparable  lung  volumes  and  a  decrease  in 
end-expiratory  lung  volume  (Fig.  8).'''' 


Fig.  8.  Expiratory  flow-volume  curves  in  a  patient  with 
flow  limitation.  Note  that  bronchodilatation  produces  an 
Increase  In  isovolume  flow  and  a  decrease  In  end- 
expiratory  lung  volume.  (Reproduced  from  Reference  56. 
with  permission.) 

The  tlow-volume  curve  may  also  be  helpful  in 
indicating  a  need  for  endotracheal  suctioning.  We 
recently  observed  a  sawtooth  pattern  on  the  flow- 
volume  curve  of  an  intubated  patient  with  copious 
secretions  that  disappeared  after  suctioning.  To  de- 
termine the  reproducibility  of  this  observation,  we 
undertook  a  preliminary  study  in  35  ventilator- 
dependent  patients.  Detection  of  a  sawtooth  pattern 
during  spontaneous  breathing  strongly  suggested 
the  presence  of  secretions  (positive  predictive  val- 
ue, 94%),  and  the  absence  of  this  pattern  suggested 
that  secretions  were  unlikely  to  be  present  (neg- 
ative predictive  value.  777cj.^^ 

Flow-Time  Recordings 

A  plot  of  flow  versus  time  can  provide  infor- 
mation about  both  the  ventilator  and  the  patient 
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Rtcungular 


Atctnding  ramp 


Dtftctnding  rtmp 


(Fig.  9).  It  the  patient  is  breathing  spontaneously,  a 
sinusoidal  How  pattern  is  seen  during  inspiration.'** 
Mechanical  ventilation  is  usually  delivered  with  a 
constant  tlow  (retangular)  pattern.  Other  profiles 
that  can  be  produced  include  an  ascending  or  de- 
scending ramp  tlow  profile  and  an  exponential- 
decay  tlou  \va\eform  during  pressure-controlled 
ventilation.  The  relative  advantages  and  dis- 
ad\antages  of  different  waveform  patterns  remain 
controversial.''''*^^'' 

Inspection  of  the  tlow-time  tracing  may  ai.so  in- 
dicate the  presence  of  auto-PEEP.  In  the  absence  of 
aulo-PEEP.  a  period  of  zero  flow  is  evident  before 
the  next  spontaneous  or  mechanical  inhalation. 
When  auto-PEEP  is  present,  flow  continues 
throughout  expiration  and  is  abruptly  terminated  by 
the  onset  of  the  next  inflation  (spontaneous  or  me- 
chanical). However,  a  quantitative  calculation  of 
the  level  of  auto-PEEP  cannot  be  made  from  ex- 
amination of  the  flow-time  profile. 


Eipontnllil  d«cty 


Fig.  9.  Flow-time  tracings  during  si- 
nusoidal, constant  (rectangular),  as- 
cending ramp,  descending  ramp, 
and  exponential-decay  flow  wave- 
forms. Honzontal  axis  is  time  in  sec- 
onds. (tVlodified  from  Reference  38. 
with  permission.) 


I.ocation  of  Flow  and  Pressure  Sensors 

Flow  and  pressure  sensors  can  be  positioned  at 
several  locations  v\ithin  a  \entilator  delivery  sys- 
tem: within  the  \entilator  itself  (on  the  inspiratory 
or  expiratory  circuit)  or  at  the  connection  between 
the  patient's  airway  and  the  breathing  circuit.  Sev- 
eral feet  of  narrow  tubing  may  be  used  to  connect  a 
sensing  port  at  the  proximal  airua\  with  a  trans- 
ducer in  the  ventilator. 

For  monitoring  purposes,  sensors  ideall\  should 
be  located  between  the  Y  of  the  \entilator  circuit 
and  the  endotracheal  tube,  as  with  the  current  loca- 
tion of  tlow  sensors  on  the  Hamilton  Veolar  and 
Amadeus  ventilators  (Table  3).  More  commonly, 
flow  sensors  are  located  on  the  expiratory  limb  of 
the  ventilator.  In  this  location,  they  cannot  dis- 
tinguish between  the  volume  received  by  the  pa- 
tient and  that  compressed  in  the  circuit,  as  I  dis- 
cussed  earlier.    The    considerable    discrepancy 


Table  3.    Type  and  Location  of  Flow  and  Pressure  Sen.sors  in  Five  Ventilators 

Flow-Volume  Monitoring 

Pressure  Monitoring 

Ventilator                             Sensor  Type                                Site 

Sensor  Type                            Site 

Bear  5 


Vorlcx-shedding 


Distal  to  exhalation  valve 


EMT* 


Proximal  airwav 


Bird  64()0ST 


Variable-orifice 


.^t  exhalation-\al\e  outlet 


FMT 


Expiratorv  limb 


Hamilton  Veolar 


P-B  720()a 


Variable-orifice  Proximal  air«a> 


llot-u  ire 


Distal  to  exhalation  \alve 


EMT 


E.MT 


Inspiratory  limb 
Expiratory  limb 


Siemens  ')(I()C" 


Screen 


Proximal  to  exhalation  \al\e 
tor  M  and  expired  Vj: 
inspiratory  limb  tor  inspired  Vx 


F.\IT 


Inspiratory  .ind 
expiratoi")  limb 


*EMT  =  electromechanical  transducer;  M;  =  inmulc  scnlilalion;  V't  =  tidal  volume. 
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between  volume  displayed  on  a  monitor  and  that 
iecei\ed  b\  a  patient  was  demonstrated  in  two  re- 
cent preliminary  studies  (abstracts).  Figure  10 
shows  data  b\    (ianimase  et  al''"  of"  xohmic  dis- 


1 .  000  - 


Hamilion      Ohmeda     PB  7200      Bear  5  Bird        Siemens 


Fig.  10.  Volumes  displayed  on  a  ventilator  monitor  (dark- 
ened bars)  and  that  measured  with  a  pneumotachograph 
placed  between  the  patient  Y  and  the  airway  connector 
(gray  bars).  Each  ventilator  was  connected  to  a  test  lung 
with  a  low  compliance  (0.02  L/cm  I-I2O)  and  tidal  volume 
was  set  at  1,000  mL.  The  ventilators  are  arranged  in  or- 
der of  increasing  discrepancy  between  displayed  and 
measured  volume.  Values  are  mean  +  SD.  (Based  on 
data  from  Reference  60.) 

pla\cd  on  a  \entiiator  monitor  and  that  mcasLired 
with  a  pneumotachograph  placed  between  the  Y 
and  the  airway  connector.  The  ventilator  was  con- 
nected to  a  test  lung  with  a  low  compliance  (0.02 
L/cm  HjO)  and  tidal  \()lume  was  set  at  1.000  mL. 
The  discrepancy  between  displayed  volume  and  the 
\olume  received  varied  among  the  ventilators,  be- 
inii  greatest  and  most  variable  tor  the  Siemens  ven- 


tilator (23*^^).  The  smallest  discrepancy  occurred 
with  the  Hamilton  ventilator  (0.37().  rellecting  the 
fact  that  its  flow  sensor  is  located  between  the  Y 
aiul  ihc  airvHay  connector.  Data  from  a  similar  pre- 
hminary  study  by  Branson  et  al'''  are  shown  in  Fig- 
ure 1  1 .  demonstrating  the  differences  between  set. 
displayed,  and  actual  volumes  for  four  ventilators 
attached  to  a  test  lung  w  ith  a  compliance  of  0.01  L/ 
cm  H;0.  Again,  the  least  discrepancy  between  dis- 
played and  measured  volume  was  with  the  Ham- 
ilton ventilator.  Although  some  of  the  ventilators 
employed  in  these  two  studies^"*'  attempt  to  com- 
pensate for  compressed  volume  (such  as  the  Pu- 
ritan-Bennett 7200a  and  the  Bear  5).  the  data  in 
Figures  10  and  I  1  indicate  that  such  compensation 
is  imperfect.  Another  problem  that  arises  when 
flow-N'olume  sensors  are  placed  at  a  distance  from 
the  patient's  airway  is  the  failure  to  appropriately 
correct  for  conversion  from  ATPS  to  BTPS  condi- 
tions. Furthermore,  location  of  flow  sensors  at  a 
distance  from  the  patient's  airway  increases  the 
risk  of  inaccuracies  due  to  leaks  in  the  circuit.  For 
the  purpose  of  monitoring,  manufacturers  rarely  if 
ever  place  flow  sensors  on  the  inspiratory  side  of  a 
ventilator. 

Pressure  can  also  be  sensed  at  various  locations. 
For  monitoring  purposes,  pressure  is  sensed  on  the 
inspiratory  side  of  the  Hamilton  Veolar  \enlilalor. 
on  the  expiratory  circuit  of  the  Puritan-Bennett 
7200a  and  Bird  6400ST  ventilators,  and  at  the 
proximal  airway  of  the  Bear  5  ventilator  (the  prox- 
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Fig.  11.  Comparison  of  set  volumes 
with  the  value  displayed  on  a  ven- 
tilator monitor  and  that  actually  meas- 
ured with  a  pneumotachograph.  Mea- 
surements were  obtained  with  four 
different  set  volumes  for  four  ven- 
tilators attached  to  a  test  lung  with  a 
compliance  of  0.01  Ucm  HgO.  The 
least  discrepancy  between  displayed 
and  actual  volume  was  noted  with  the 
Hamilton  Veolar  ventilator,  reflecting 
the  use  of  a  proximal  site  for  meas- 
uring volume.  (Based  on  data  from 
Reference  61.) 


Set      Display      Actual 


Set      Olsploy      Actual 


RESPIRATORY  CARE  •  SEPTEMBER  "92  Vol  37  No  9 


1093 


PRESSURE.  FLOW,  &  VOLUME 


imal  site  is  also  an  option  on  the  Hamilton  Veolar 
and  Amadeus  ventilators):  in  the  Siemens  900C 
ventilator,  the  sensor  in  the  expiratory  limb  is  re- 
sponsible for  the  digital  displays  of  Ppeak.  Ppiateau. 
and  P.,^^.  while  the  sensor  in  the  inspiratory  limb  is 
responsible  for  readings  of  PEEP,  system  pressure, 
and  movement  of  the  needle  on  the  analog  gauge 
(Bradford  M  Saunders.  Siemens  Life  Support  Sys- 
tems, personal  communication.  1992).  A  pressure 
sensor  located  on  the  inspiratory  side  of  the  circuit 
is  affected  by  the  resistance  of  the  humidifier  and 
circuit,  resulting  in  an  underestimation  of  peak  in- 
spiratory pressure  and  an  overestimation  of  end- 
expiratory  pressure.  Although  measuring  pressure 
at  the  proximal  airway  is  preferred  on  theoretical 
grounds,  this  location  is  associated  with  a  number 
of  limitations.  Inaccurate  measurements  may  result 
from  exposure  of  the  .sensor  to  secretions  and  water 
condensation,  or  the  tubing  connecting  the  sensing 
port  with  the  pressure  transducer  may  have  an  un- 
satisfactory configuration,  be  excessive  in  length, 
or  become  kinked  or  disconnected.  Consequently, 
many  manufacturers  prefer  placing  the  sensor  in 
the  expiratory  circuit  to  avoid  these  problems. 

A  distinction  should  be  made  between  optimal 
location  of  sensors  for  capturing  data  to  drive  the 
ventilator  machinery  and  the  positioning  preferred 
for  monitoring  purposes.  For  example,  although  the 
Hamilton  ventilator  measures  flow  at  the  proximal 
airway  (which  generates  the  digital  display  of  tidal 
volume),  this  information  is  not  employed  in  the  in- 
ternal operation  of  the  machine;  instead,  the  man- 
ufacturer prefers  to  rely  on  an  internal,  protected 
transducer  to  regulate  the  logic  system  of  the  ma- 
chine (Da\id  Thompson.  Hamilton  Medical,  per- 
sonal communication.  1992). 

Display  of  Monitored  Data 

The  optimal  manner  of  displaying  monitt)red 
data  in  ventilator-supported  patients  deserves  se- 
rious investigation.  Older  ventilators  simply  dis- 
played data  in  terms  of  mo\ement  of  a  needle  on  a 
dial  or  a  digital  readout  of  calculated  measure- 
ments. With  the  introduction  of  microprocessor- 
based  ventilators,  it  has  become  possible  to  store 
large  amounts  of  data  for  manipulation  and  displa\ 
in  various  ways"  (Table  4). 

It  is  very  difficult  to  effectively  assimilate  long 
columns  of  numbers,  and  graphic  representation  is 


Table  4.    Options  for  Displaying  Monitored  Data  on  Ventilators 

Mo\  ement  of  needle  on  a  dial 
Digital  readout 
Waveform  over  time 

Raw  signal 

Filtered  signal 

Compressed  over  variable  time  periods 
Derived  indices 
Trend  plots 
Interpretation 

preferable.  Although  nmst  data  are  reduced  to  cal- 
culated indices,  some  information  ma\  be  belter 
presented  in  waveform  fashion.  In  this  situation, 
employment  of  pattern  recognition  may  yield  a 
more  rapid  diagnosis  than  assessment  of  derived  in- 
dices. Examples  include  the  scallop  seen  in  the 
pressure-time  curve  in  a  patient  receiving  an  in- 
adequate inspiratory  flowrate  (Fig.  1)  or  the  curvi- 
linear expiratory  tlow  profile  of  the  flow-volume 
curve  in  a  patient  with  COPD  (Fig.  6). 

Clinical  decisions  are  commonly  based  on  trends 
rather  than  on  isolated  values  of  an  index.  Many 
questions  related  to  trends  are  unanswered.  How 
much  data  should  be  included  in  producing  a  trend? 
Sht)uld  the  data  be  smoothed,  and  if  so,  how  much? 
How  great  a  change  in  a  trend  is  required  before  it 
can  be  considered  significant?  In  attempting  to  an- 
swer the  last  question,  the  trend  could  be  plotted  on 
a  background  display  of  the  nonnal  range,  or  the 
microprocessor  could  calculate  the  95%  confidence 
limits  for  the  data  over  a  preceding  time  period  and 
plot  the  incoming  data  on  this  background  display. 
Finally,  the  voluminous  amounts  of  data  generated 
by  sensors  in  a  mechanical  ventilator  may  produce 
infomiation  overload.'*'  .Again,  the  microprocessor 
could  assist  b\  interpreting  the  \arious  indices  and 
rendering  a  diagnostic  opinion. 

In  Conclusion 

Accurate  measurements  of  pressure,  tlow,  and 
volume  arc  a  fundamental  requirement  for  the  ef- 
fective operation  of  mechanical  ventilators  and  the 
minimization  of  iatrogenic  problems.  The  accuracy 
of  the  pressure  and  flow  sensors  in  various  ven- 
tilators is  largely  unknow  n  because  few  if  any  in- 
vestigations of  their  accuracy  have  been  published 
in  peer-re\iewed  journals.  Likewise,  peer-reviewed 
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studies  are  needed  to  determine  the  optimal  loca- 
tion of  each  type  of  transducer  for  patient  mon- 
itoring and  to  determine  the  preferred  location  of 
sensors  used  in  the  regulation  of  the  mechanical 
components  of  the  \entilator.  In  addition  to  the  de- 
velopment of  methods  of  recording  accurate  phys- 
iologic data,  more  research  is  required  to  determine 
the  relative  value  of  different  derived  indices  in 
clinical  decision  making  and  the  optimal  format  for 
displaying  data.  Considering  the  widespread  use  of 
mechanical  ventilation,  initiation  of  research  to  ans- 
wer these  questions  is  a  matter  of  some  urgency. 
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Introduction 

Many  variables  are  undeniably  important  for 
monitoring  the  patient  receiving  mechanical  ven- 
tilation. In  difficult  cases,  data  relevant  to  gas  ex- 
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change,  hemodynamics,  machine  function,  and 
lung  and  chest-wall  properties  are  all  helpful  to 
consider.  Information  related  to  gas  exchange  and 
hemodynamics,  although  vital  to  integrate  with  oth- 
er data,  is  seldom  determined  directly  by  the  me- 
chanical ventilator  itself  and  will  not  be  considered 
further  in  this  review.  Currently,  the  primary  meas- 
urements made  by  the  ventilator  are  airway  pres- 
sure, flow,  and  ventilatory  frequency.  Certain  spir- 
ometric  variables  computed  from  these  direct 
measurements  (such  as  tidal  volume  and  minute 
ventilation)  can  be  considered  primary,  as  well. 
Esophageal  pressure,  although  directly  measured 
and  essential  to  several  calculations,  is  not  routine- 
ly recorded  or  interfaced  to  the  ventilator.  From  the 
rather  confined  set  of  primary  measurements  just 
listed,  a  number  of  variables  can  be  derived  that  are 
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of  value  in  specific  clinical  settings.  Generally 
speaking,  such  infonnatii)n  relates  to  the  assess- 
ment of  mechanics,  patient  effort  and  \entilatory 
reserve,  muscle  strength,  synchrony  of  the  cycling 
rhythms  of  the  patient  and  machine,  and  the  me- 
chanical function  of  the  ventilator  itself.  Each 
grouping  of  these  derived  variables  will  be  con- 
sidered separately. 

Mechanics 

The  mechanics  of  the  respiratory  system  are 
those  properties  that  influence  the  pressure  re- 
quirement resulting  from  the  selection  of  tidal  vol- 
ume, frequency,  and  flow  pattern.  In  my  view,  four 
such  measurements  can  be  considered  essential  in 
the  evaluation  of  the  ventilated  patient  with  critical 
illness:  resistance  of  the  patient  and  the  external 
circuit;  compliance  of  the  lung  and  chest  wall;  end- 
expiraton,'  lung  pressure  (the  sum  of  PEEP  and 
auto-PEEP);  and  mean  airway  pressure,  a  measure- 
ment of  greatest  value  during  passive  inflation. 
Three  other  measures  of  mechanics  are  desirable  to 
monitor  in  .selected  circumstances  but  cannot  be 
considered  essential  to  the  care  of  most  patients. 
These  are  the  static  pressure-volume  loop,  the 
amount  of  gas  that  is  spirometrically  measurable 
during  prolonged  exhalation,  and  the  absolute  lung 
volume. 

Resistance  and  Compliance 

Resistance  and  compliance  are  the  derived  var- 
iables most  commonh'  recorded  by  the  practitioner. 
These  calculations  describe  the  impedance  en- 
countered by  an  applied  pressure  in  driving  gas  to 
the  alveolar  level  and  in  stretching  the  alveolus 
against  the  combined  recoil  of  the  lung  and  the 
che-st  wall.  Accordingly,  the  relevant  pressure  dif- 
ferences across  the  airway  and  across  the  aheolus 
must  be  known.  When  only  tracings  of  airway  pres- 
sure and  flow  are  available,  resistance  and  com- 
pliance must  be  assessed  under  passive  conditions. 
If  the  patient  makes  efforts  during  the  attempted 
measurement,  the  total  pressure  applied  across  the 
entire  respiratory  system  cannot  be  deterniined  di- 
rectly. When  esophageal  pressure  (Pes)  is  available, 
the  resistance  (R,,u)  and  compliance  (Ci.)  of  the 
lung  (inherently  a  passive  structure)  can  be  as- 


sessed, but  the  resistance  and  compliance  of  the  I 
chest  wall  remain  undeterminable.  Pes  recorded 
during  passive  inflation  allows  the  clinician  to  par- 
tition the  pressure  applied  at  the  airway  opening 
across  the  lung  and  chest  wall  and  thereby  to  de- 
termine the  individual  contributions  of  those  struc- 
tures to  total  elastic  recoil.  During  active  in- 
spiration. Pes  also  permits  the  computation  of  Raw 
and  C\  . 

In  the  usual  clinical  setting,  only  an  airway  pres- 
sure tracing  and  a  flow  tracing  are  available.  When 
the  rate  of  airflow  at  end-expiration  is  known,  as 
under  constant-flow  conditions.  Ra«  and  Ci  can  be 
computed  con\eniently  by  imposing  a  pause  lasting 
0.3-2.5  seconds  at  end-inspiration.  The  appropriate 
pause  length  varies  with  the  nature  and  severity  of 
disease  and  the  heterogeneity  of  ventilator)  time 
constants  among  different  lung  regions.'  The  dif- 
ference between  the  end-inspiratory  dynamic  and 
static  pressures  represents  the  pressure  dri\  ing  end- 
inspirator)  flow  between  the  airway  opening  and 
the  alveolus.  The  difference  between  the  static  end- 
inspiratory  and  static  end-expiraton,'  airway  pres- 
sures yields  an  estimate  of  the  pressure  change  re- 
quired to  distend  the  alveolus  by  the  tidal  \olume 
(Vt).  This  information  can  be  used  to  estimate  ef- 
fective compliance  (Cett).  as  discussed  later. 

Effects  of  Lung  \'olume  on 
Resistance  and  Compliance 

Although  this  technique  for  partitioning  the  total 
applied  airway  pressure  into  its  flow-resistive  and 

elastic  components  is  time-honored  and  simply  im- 
plemented, it  has  recently  been  re-examined.  At  the 
bedside,  it  is  seldom  taken  into  account  that  the  \  al- 
ues  of  resistance  and  compliance  computed  in  this 
way  are  influenced  by  the  o\erall  \olume  of  the 
aerated  lung.  .'Xs  an  example,  a  patient  who  has  un- 
dergone pneumonectomy  will  have  a  lower  ah- 
soliife  compliance  and  higher  absolute  resistance 
than  the  same  patient  did  before  the  lung  was  re- 
sected, even  though  the  properties  of  the  residual 
airway  and  the  remaining  lung  tissue  might  be  es- 
sentially unaffected  by  the  procedure.  If  we  are  in- 
terested in  resistance  and  compliance  as  indicators 
of  the  structural  properties  of  the  underlying  tissue, 
it  would  be  desirable  to  relate  these  numbers  to  the 
'aeratahle"  hum  \t>lume  (.'XLV).  Unforlunatch,  it  is 
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Fig.  1.  Relationship  between  compli- 
ances and  elastances  of  thie  respiratory 
system  and  lung.  Note  curvilinear  re- 
lationship of  measured  respiratory  sys- 
tem compliance  to  the  lung  compliance 
value  of  interest,  especially  when  chest- 
wall  compliance  (Cw)  is  reduced.  Con- 
versely, for  each  Cw  value  a  perfectly  lin- 
ear relationship  of  respiratory  system 
elastance  (1/C)  to  lung  elastance  exists. 


difficult  to  mea.sure  cihsoliiw  gas  \olunies  at  the 
bedside,  and  therefore  such  computations  are  sel- 
dom performed.  Moreover,  the  interpretation  of 
specific  resistance  is  influenced  by  the  homo- 
geneity or  heterogeneity  of  the  parenchymal  dis- 
order. Diffuse  pathology  of  lung  tissue  \\  ith  a  pre- 
served number  of  patent  conducting  airways  that 
link  with  a  reduced  number  of  aerated  functional 
alveoli  ma\  result  in  less  disparity  between  ah- 
solute  and  specific  resistance  calculations  than 
highly  regionalized  atelectasis  or  air-space  disease. 
(The  latter  tends  to  cause  functional — if  not  an- 
atomic— closure  of  airways  and  lung  units.)  None- 
theless, the  potential  influence  of  reduced  ALV 
should  be  taken  into  acct»imt  u  hen  iiitcrprcriiii^  val- 
ues for  resistance  and  compliance.  During  ARDS, 
the  ALV  may  be  less  than  one  third  of  normal,  due 
to  cellular  infiltration  and  edema.-  Consequently, 
the  computed  compliance  and  resistance  \alues.  al- 
though clearly  abnormal  in  this  disease.  ma_\  not  re- 
flect the  true  properties  of  the  underlying  tissue.^ 

Ela.stance 

The  reciprocal  values  of  resistance  and  compli- 
ance are  conductance  ( 1/R)  and  elastance  ( I/C).  Al- 
though there  seems  to  be  little  inherent  value  in  ex- 
pressing the  kinetic  impedance  properties  of  the 
respiratory  system  in  terms  of  conductance,  a  better 
argument  can  be  made  for  using  elastance  rather 
than  compliance  in  the  clinical  setting.  Unless  a  Pes 
recording  is  available,  only  static  airway  pressure  is 
known,  and  the  clinician  can  compute  only  the 
compliance  of  the  entire  respiratory  system.  Even 
then,  passive  inflation  conditions  must  be  assured. 
Therefore,  the  mechanical  properties  of  the  lung 
must  be  inferred  from  those  of  the  lune  and  chest 


wall  together.  The  compliance  of  the  respiratory 
system  is  influenced  not  only  by  Cl — the  usual  var- 
iable of  interest — but  also  by  the  compliance  of  the 
chest  wall.  Whereas  elastances  of  lung  and  chest 
wall  add  in  series  to  comprise  the  elastance  of  the 
respiratory  system,  the  same  does  not  hold  true  for 
compliance."*  Cl  bears  a  complex  relationship  to 
the  compliance  of  the  respiratory  system,  so  that 
the  alterations  in  chest-wall  compliance  so  com- 
mon in  the  critical  care  setting  can  seriously  impact 
the  relationship  between  the  measurable  respiratory 
system  compliance  and  the  lung  compliance  of  ac- 
tual interest  (Fig.  1).  Abnormal  chest-wall  com- 
pliance does  not  disturb  the  essentially  linear  re- 
lationship between  respiratoiy  system  elastance 
and  liiim  elastance.  however;  thus,  such  measure- 
ments more  reliably  track  changes  in  the  properties 
of  the  lung  itself.  Despite  this  rather  compelling  ar- 
gument, compliance  continues  to  be  the  index  more 
commonl)  recorded. 

Effects  of  Auto-PEEP  and  Gas  Compression 

Computations  of  Cl  are  strongly  influenced  by 
changes  in  auto-PEEP.  a  point  first  brought  to  clin- 
ical attention  b\  Rossi  and  colleagues."^  Thoracic 
compliance,  normally  considered  to  be  the  quotient 
of  Vt  and  the  difference  between  cnd-inspiratory 
static  pressure  and  end-expirator>  airway  pressure, 
will  be  misleadingly  low  when  auto-PEEP  is  un- 
accounted for.  Although  auto-PEEP"s  effect  on 
compliance  is  well  known,  it  is  not  commonly  rec- 
ognized that  the  magnitude  of  difference  will  in- 
crease as  Vt  declines  (Fig.  2). 

It  is  important  to  consider  the  compressible  \ol- 
ume  stored  in  the  circuit  and  lunu  when  Cl  is  com- 
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AUTO  PEEP 


Fig.  2.  Effect  of  auto-PEEP  and  tidal  volume  on  meas- 
ured elastance  (and  its  inverse,  compliance).  During  in- 
flation with  constant  flow,  the  inspiratory  airway  pressure 
tracing  obtained  under  passive  conditions  simulates  a 
volume-pressure  curve  whose  slope  equals  the  true  elas- 
tance of  the  respiratory  system.  If  unaccounted  for.  auto- 
PEEP  can  radically  increase  the  computed  elastance 
and  reduce  compliance,  especially  at  small  tidal  vol- 
umes. Pd  and  Ps  are  the  peak  dynamic  and  peak  static 
values  of  tidal  airway  pressure,  respectively. 


puted  from  measurements  of  central  airway  pres- 
sure. The  tidal  volume  effectively  delivered  to  the 
lung  must  be  conectcd  for  gas  compression  as  well 
as  for  an\  mtlucncc  of  auto-PEEP.  Effective  com- 
pliance can  then  be  computed  according  to  the  for- 
mula 


(P„ 


PE  EP)  (  compres  sion  factor) 


1] 


P       -  P 

where  Ceif  =  effective  compliance,  Vt  =  tidal  \olume. 
Psiai  =  peak  static  (<ir  "plateau"")  pressure,  and  Pahende\ 
=  mtal  cnd-c\piiator\  ahcolar  pressure  (the  sum  of 
PEEP  and  auto-PEEP). 

Static  Pressure-Volume  Curve 

Although  seldom  cotnputed  or  displayed,  the 
static  pressure-volume  curve  of  the  respiratory  sys- 
tem can  help  determine  both  the  heterogeneity  of 
king  pathology  and  the  opliiual  cn(.i-c\piratory 
pressuie  needed  to  ma.ximally  recruit  collapsed  but 
uncompromised  lung  units.  In  patients  with  edem- 
atous lungs,  the  static  inspiratory  prcssure-xolunic 
relationship  is  often  biphasic.  showing  a  distinct  re- 
gion of  inflection  (termed  Piio\l  that  helps  identify 
the  point  of  near-ma.ximum  \olume  recruitment." 
In  most  experimental  a))d  clinical  studies.  Pne\ 
tends  to  occur  in  the  pressure  range  of  7-12  cm 
H;0  and  ina\  ucll  correspond  to  the  ■"best  PEEP" 
value  determined  by  other  methods.'' "~  Later  in  the 
course  of  ARDS.  or  when  a  sufficiently  high  PEEP 
has  been  applied,  distinct  Pt^v  points  arc  less  easily 
identified. 


I)\numic  and  Static  F.valuati<»n  of 
Respirator}  S>stcm  Mechanics 

Static  Measurements 

The  airway  pressure  tracing  obtained  under  con- 
stanl-tlow  conditions  warrants  close  inspection,  es- 
pcciall\  m  the  earl\  inspirator)  and  end-inspiratory 
pause  interxals.  fraditionallx.  the  pressure  used  to 
compute  nonelastic  impedance  (resistance)  during 
passive  intlation  with  ct)nstant  W^w  has  been  taken 
to  be  the  difference  between  peak  d\namic  (Pp) 
and  peak  static  (Ps.  plateau)  pressures.  Yet,  this  dif- 
terence  comprises  two  subsegments  (Fig.  ?>).  When 
subtracted  from  Pd.  the  air\\a\  pressure  cor- 
responding to  the  point  o\  inspirator\   flow  cessa- 


Fig.  3.  Schematic  diagram  of  the  ainway  pressure  tracing 
obtained  during  constant  flow.  As  peak  dynamic  airway 
pressure  (Pd)  falls  toward  peak  static  pressure  (Ps)  dur- 
ing an  end-inspiratory  pause,  the  tracing  passes  through 
a  point  (Pz)  where  gas  stops  flowing  into  the  trachea. 
The  Pd-Pz  difference,  divided  by  the  end-inspiratory  flow, 
yields  Rmin.  The  Pq-Ps  difference  corresponds  to  Rmax 
(see  text). 


tion  (P/)  ma\  more  accuratel)  identil\  the  pressure 
difference  actualh  driving  gas  How  ihrotigh  the 
conducting  airways.  A  resistance  \alue  computed 
with  this  pressure  difference  is  sometimes  called 
Ri„in.  The  drop  in  central  airway  pressure  that  oc- 
curs during  the  period  of  nii  cxtcrmd  tlow  ex- 
tending Irom  P/  to  the  ""stead}  plateau  or  static 
|ircssure""  \alue  obser\ed  1-2.5  seconds  following 
airway  occlusion  (Ps)  represents  the  pressure  dif- 
tcrence  corresponding  to  internal  gas  redistribution 
between  lung  regions  with  different  time  constants 
(so-callcii  pendelluti).  as  well  as  stress  relaxation 
of  the  ptilmonaiA  and  chest-wall  tissues.  P/  is  a  val- 
tie  that  should  be  caretull>  noted.  Not  only  is  P/ 
important  in  computing  Rmin.  but  it  is  also  a  better 
retlection  of  the  highest  end-inspiratory  alveolar 
pressure  than  Ps.  In  ARDS.  Pz  and  Ps  generalU 
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differ  by  10-20% — differences  that  might  be  mean- 
ingful in  regard  to  the  hazard  of  barotrauma. 

The  quotient  of  the  total  difterence  between  Pd 
and  Ps  and  end-inspiratory  flow  has  been  termed 
Rmax-''  It  has  been  recently  noted  that  Rn„n  and  Rma\ 
respond  somewhat  differently  to  changes  in  lung 
\oiume  and  inspiratory  tlowrate.  As  is  pointed  out 
by  Bemasconi  and  colleagues,'"  patients  with 
COPD  and  patients  with  ARDS.  two  groups  be- 
lie\ed  to  have  nonhomogeneously  distributed  time 
constants,  can  have  very  significant  differences  for 
Rn„n  and  Rmax.  as  well  as  for  dynamic  and  static 
compliance. 

Dynamic  Measurements 

The  slope  of  the  airway  pressure  curve  during 
the  second  half  of  the  constant-flow  inflation  cycle 
parallels  the  elastance  of  the  respiratory  system 
rather  well.  When  this  slope  is  extrapolated  back- 
ward to  the  time  of  inflation  onset,  it  intersects  the 
pressure  axis  at  a  point  that  differs  from  the  end- 
expiratory  pressure  baseline  in  a  manner  believed 
similar  to  the  eiul-inspiratoiy  pressure  difference 
corresponding  to  the  Rmax  calculation.  Indeed,  as 
was  nicely  shown  by  Gottfried,  Rossi,  and  col- 
leagues," similar  values  for  elastance  and  re- 
sistance of  the  respiratory  system  can  be  computed 
using  either  end-inspiratory  ■"stop-flow"  techniques 
or  graphic  methods  during  uninterrupted  constant- 
flow  inflation.  This  identity  appears  to  hold,  unless 
there  is  significant  auto-PEEP  or  substantial  vol- 
ume recruitment  during  the  early  phase  of  tidal  in- 
flation. Finally,  some  estimate  of  Rmin  can  also  be 
achieved  using  constant-flow  methodology  by 
close  analysis  of  the  early  inspiratory  period.''" 

Expiratory  Resistance 

Expiratory  resistance  is  another  value  commonly 
neglected  in  the  patient  receiving  mechanical  ven- 
tilation. Expiratory  resistance  almost  invariably  ex- 
ceeds inspiratory  resistance,  even  in  normal  subjects. 
With  many  ventilators  in  current  use,  expiratory 
valve  resistance  is  often  substantial,  adding  further 
to  this  phasic  difference  in  resistance.  Moreover,  in 
certain  patients  (eg,  those  with  COPD),  dynamic 
airway  compression  markedly  increases  expiratory 
flow  resistance.  These  considerations  are  important 


in  the  generation  of  auto-PEEP,  particularly  when 
minute  ventilation  requirements  are  high.  Computa- 
tion of  expiratttry  valve  resistance  requires  si- 
multaneous recordings  of  the  pressure  at  the  airway 
opening  and  airflow.  To  compute  total  expiratory 
resistance,  however,  alveolar  pressure  (Paiv)  itself 
must  be  estimated.  Paiv  can  be  measured  indirectly 
from  the  pressure  measured  at  the  airway  opening 
during  occlusions  performed  one  or  more  times 
during  exhalation.  The  shape  of  the  expiratory  flow 
tracing  may  prove  helpful  in  detecting  the  presence 
of  dynamic  airway  compression  when  it  dem- 
onstrates a  biphasic  contour  or  linear  rather  than 
exponential  decay.''  Another  method  for  es- 
timating Paiv  during  exhalation  that  does  not  in- 
volve inteiTupting  airflow  is  to  subtract  the  quotient 
of  exhaled  (spirometric)  volume  to  compliance  of 
the  respiratory  system  from  the  Ps  measured  at  the 
end  of  an  end-inspiratory  pause.  This  resultant 
pressure  can  then  be  used  to  estimate  upstream  al- 
veolar pressure. 
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where  Pai\  =  alveolar  pressure.  Ps  =  pressure  at  end- 
expiratory  pause,  Vexh  =  exhaled  tidal  \  olume.  and  Ctoiai  = 
total  respiratory  system  compliance. 

Resistance  and  Compliance  during 
Spontaneous  Breathing 

During  active  breathing,  the  use  of  an  esoph- 
ageal balloon  is  invaluable  for  estimating  the 
changes  in  intrapleural  pressure  associated  with 
elastic  and  flow  resistive  impedance,  as  originally 
described  by  Rohrer'^  and  Von  Neergaard  and 
Wirtz'-''  more  than  a  half  century  ago.  Esophageal 
pressures  corresponding  to  points  of  zero  flow  de- 
marcating the  phase  of  interest  (inspiration  or  ex- 
piration) define  the  elastic  pressure  difference  as- 
sociated with  the  tidal  volume  change,  thereby 
allowing  computation  of  Cl  (Fig.  4).  The  differ- 
ence between  the  Pes  tracing  at  the  midpoints  in  the 
inspiratory  and  expiratory  cycle  and  the  line  that 
joins  end-inspiratory  Pes  and  end-expiratory  Pes  de- 
fines the  average  gradient  driving  flow.  During 
passive  inflation.  Pes  can  be  used  to  partition  total 
transrespiratory  system  pressure  into  its  lung  and 
chest-wall  components.  Under  these  conditions,  the 
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Pes  change  represents  the  elastic  pressure  required 
to  expand  the  chest  wall  h\  the  tidal  volume  and 
therefore  enables  computation  of  its  passive  com- 
pliance. 


Fig.  4.  Approximation  of  Inspiratory  resistance  across  the 
lung  and  attached  apparatus  during  spontaneous  breath- 
ing. The  elastic  recoil  alveolar  pressure  can  be  approx- 
imated as  esophageal  pressure  (Pes)  at  the  points  of 
zero  flow  that  anchor  the  extremes  of  the  tidal  inflation 
cycle.  The  line  drawn  between  them  defines  an  elastic 
recoil  line.  The  difference  (AP)  between  Pes  and  that  line 
approximates  the  component  of  Pes  that  drives  the  flow 
(V)  observed  at  Point  A.  The  quotient  AP/V estimates  air- 
flow resistance. 

Positioning  of  the  esophageal  balloon  during  ac- 
tive breathing  is  perhaps  best  undertaken  by  the 
method  of  Baydur  and  colleagues."'  Here  deflec- 
tions of  airway  pressure  (Pau)  and  Pes  are  compared 
during  gentle  efforts  against  an  occluded  airway. 
The  balloon  can  be  considered  to  be  positioned  ac- 
ceptably well  when  the  P,,u  and  Pes  detlections  are 
similar.  With  the  airway  occluded,  little  trans- 
pulnionaiy  pressure  difference  is  de\eioped  at  any 
point  in  the  effort  cycle,  and.  therefore,  if  Pes  repre- 
sents a  true  global  average  of  intrapleural  pres- 
sures, its  deflections  should  not  differ  greatl\  from 
those  recorded  in  the  central  air\\a\.  Balloon  posi- 
tion should  be  re-e\  aluated  alter  each  major  change 
in  posture  or  position. 

Mean  .Mrway  Frfssure 

During  a  passixe  biealh.  the  mean  air\\a\  pres- 
sure (P,„ )  recorded  o\er  the  entue  respiratory  cycle 
provides  valuable  data  often  ignored  in  the  clinical 
setting.  Under  these  passive  conditions,  Pa^  bears  a 
close  relationship  to  the  average  pressure  within 
the  aheolar  compartment.  Indeed,  if  tlou-related 


pressure  is  dissipated  in  an  identical  fashion  for 
both  inspiration  and  expiration.  P,^^  will  exactly 
equal  Pj^,  as  predicted  b)  the  following  simplified 
formula:'^ 


P,.,,.  =  P.. 


60 
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where  Vfe  =  minute  venlilation.  and  R|  and  Ri-  arc  meas- 
ured values  for  the  inspirator>  and  expiratory  resistance 
of  the  segment  that  separates  the  point  of  Paw  measure- 

nienl  troni  the  al\  eolus. 

Pav^  can  be  accurately  estimated  at  any  site  in  the 
external  air\sa\.  proxided  that  no  significant  asym- 
metrical resistance  is  inteiposed  between  the  site  of 
airway  pressure  measurement  and  the  trachea  (Fig. 
>).  Calculated  values  for  R|  and  Rh  depend  on  the 
average  flowrate  pertaining  to  those  phases  of  the 
ventilatory  cycle.  Because  alterations  of  the  in- 
spiratory time  fraction  (t|/tt„i)  change  the  average 
tlowrates  of  inspiration  |  Vi:/(t|/tioi)|  and  expiration 
|W(I  -  ti/tioi)].  any  calculated  difference  between 
Ri  and  Rp  (and  therefore  between  P,^^  and  P.^  )  will 
be  accentuated  as  ti/tun  deviates  significantly  from 
0.5. 


Fig.  5.  Relationship  of  mean  airway  pressures  at  Points 
A  and  B  to  mean  alveolar  pressure  (Point  C).  When  in- 
spiratory resistance  (Ri)  and  expiratory  resistance  (Re) 
values  are  equal,  mean  pressures  anywhere  along  the 
conducting  pathway  are  also  equal.  The  mean  pressure 
at  B  will  exceed  the  mean  pressure  at  A  if  Rei  >  Rh. 

P^^^  is  determined  by  the  need  to  o\ercome  the 
now-resisti\e  and  dynamic  elastic  components  of 
impedance,  as  well  as  by  pressures  that  are  held 
continuous!)  b\  an\  added  PEEP  or  end-in- 
spir;itoi\  ]iausc.  I'nder  conditions  o\'  passive  in- 
llation.  two  desirable  outcomes  are  linked  to  P,,„: 
minute  \entilation  and  arterial  oxygenation.  Un- 
fortunately, increased  P,„  may  also  result  in  im- 
paired hemod\namics.  fluid  retention,  or  increased 
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evidence  of  barotrauma.'^  The  relationships  of  P^^ 
to  \fe  and  arterial  oxygenation  help  to  explain  why 
reducing  H;  often  impairs  arterial  oxygenation  in 
the  setting  of  acute  respiratory  failure,  even  when 
such  an  effect  is  not  predicted  by  the  alveolar  gas 
equation.  When  Vp;  is  reduced,  arterial  oxygenation 
may  deteriorate,  unless  the  corresponding  reduction 
in  Pjvi  is  restored  by  an  appropriate  increase  of  ti/ti,u 
or  PEEP.  Because  of  its  ease  of  sampling  and  im- 
portant physiologic  implications.  P^^  should  be 
measured  and  displayed  on  all  modern  ventilators. 

End-Expiratory  .\lveolar  Pressure 

End-expiratory  aheolar  pressure  is  the  sum  of 
the  minmium  pressure  deliberately  set  at  the  airway 
opening  (PEEP)  and  the  pressure  resulting  from  dy- 
namic hyperinflation  (auto-PEEP)  (Fig.  6).  The  val- 
ue of  measuring  end-expiratory  alveolar  pressure 
has  been  extensively  documented  in  the  recent  lit- 
erature.'^"*''^ Apart  from  its  value  in  helping  to  ex- 
plain changes  in  hemodynamics,  alterations  in  ar- 
terial oxygenation,  and  artifacts  in  the  monitoring 
of  wedge  pressure  and  compliance,  recognition  of 
auto-PEEP  is  essential  in  accounting  for  and  re- 
ducing the  work  of  breathing.  A  variety  of  tech- 
niques can  be  used  to  estimate  auto-PEEP  during 
passive  inflation.  These  include  end-expiratory  port 
t)cclusion  (either  performed  manually'*^  or  with  the 
help  of  a  device  that  temporarily  diverts  the  in- 
spiratory airflow  from  the  mechanical  ventilator — 
the  Braschi  valve-"-'):  the  counterbalancing  of 
auto-PEEP  early  in  inspiration  by  applied  airway 
pressure;'  and  the  decline  in  end-inspiratory  static 
pressure  observed  after  frequency  is  transiently  re- 
duced to  a  low  level.  Another  method  for  meas- 
uring auto-PEEP  that  does  not  involve  interrupting 
the  \entilatory  cycle  or  pattern  is  to  compute  the 
difference  between  peak  static  pressure  and  the 
sum  of  PEEP  and  the  quotient  of  tidal  volume  di- 
vided by  compliance. 


aito-PEEP  =  P.s 


I  PEEP  + 


[4] 


This  latter  technique  assumes  that  peak  static  pres- 
.sure  (Ps)  is  the  sum  of  three  components:  PEEP. 
auto-PEEP.  and  the  tidal  elastic  pressure  (Vj/C). 
To  compute  compliance  in  this  setting,  it  is  best  to 


Time 


Fig.  6.  Schematic  pressure  and  flow  tracings  during  vol- 
ume-cycled, decelerating  flow  ventilation  under  passive 
conditions.  On  the  top  panel,  alveolar  pressure  (Pa.  thick 
line)  rises  to  its  peak  (Ppk)  and  then  decays  exponential- 
ly to  Rex,  the  sum  of  PEEP  and  auto-PEEP, 


use  the  end-inspiratory  slope  of  the  airway  pressure 
ramp  during  constant  flow,  as  pre\iously  dis- 
cussed.' 

Other  methods  for  approximating  auto-PEEP  un- 
der passive  conditions  ha\e  also  been  described. 
One  is  to  monitor  total  lung  volume  with  im- 
pedance plethysmography,  looking  for  the  PEEP 
value  that  first  causes  an  increase  in  end-expiratory 
\()lume.--  A  sinular  method  is  to  obser\e  the  peak 
dynamic  or  static  airway  pressure  as  PEEP  is  added 
to  the  airway.-*  The  highest  value  of  added  PEEP 
that  fails  to  cause  a  proportional  change  in  peak  dy- 
namic or  static  pressure  has  been  suggested  to  he 
similar  to  the  original  level  of  auto-PEEP.  Im- 
pedance plethysmography  (or  standard  spirometr\ 
that  compares  tidal  volume  to  total  exhalable  vol- 
ume-"*) can  also  be  used  to  detect  the  lung  volume 
changes  that  occur  as  frequency  is  transientl\ 
slowed.  During  spontaneous  efforts.  auto-PEEP  is 
perhaps  best  determined  by  the  deflection  of  Pcv  re- 
quired to  stop  end-expiratory  flow.-"  In  simultane- 
ous comparisons  of  this  \alue  with  that  obtained  by 
end-expiratory  port  occlusion,  the  esophageal  coun- 
terbalancing technique  tends  to  yield  a  lower  \alue. 
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Effort  and  Reserve 

Three  sets  of  obscixations  arc  cssciilial  in  as- 
sessing ettort  and  rcscMAo:  the  minute  ventilation 
(M)  requirement,  the  hreathini;  pattern  anti  the  in- 
tensit)  of  respirator)  muscle  acti\it\.  and  the  co- 
ordination among  the  muscles  ot  the  respiratt)r\ 
system.  Because  work  output  is  a  quadratic  rather 
than  a  linear  function  of  M  .  Vj  is  an  essential  de- 
terminant of  the  effort  expended,  whatever  the  im- 
pedance to  brcalliiiig  or  ihc  patient's  muscular  re- 
serves may  be.  Respuatory  muscle  activity  and 
coordination  give  essential  clues  to  the  intensity  of 
effort  in  relationship  to  capacity.  For  example.  \  ig- 
orous  use  of  the  sternocleidomastoid  muscles  or 
discoordination  among  the  muscles  of  the  rib  cage 
and  abdi)men  indicate  an  excessi\e  stress.-''  Breath- 
ing frequency  and  V'l  can  be  tracked  continuoLisl\ 
by  the  signal  processuig  equipment  of  modern  me- 
chanical ventilators.  In  theory,  a  ventilator  could 
combine  such  data  into  the  frequency-to-Vj  ratio 
proposed  by  Yang  and  Tobin  to  quantify  rapid, 
shallow  breathing.-  This  simple  index  recorded 
during  a  brief  (1  min)  trial  of  \entilator  dis- 
connection has  been  shown  to  ha\e  excellent  pre- 
dictive ability  in  judging  the  success  or  failure  of  a 
proposed  weaning  trial.  To  my  knowledge,  no  ven- 
tilator currently  available  routinely  presents  this  de- 
ri\ed  information. 

Irregularity  of  the  breathing  rhythm,  as  indicated 
by  wide  fluctuations  in  fret|uenc\  and/or  Vy.  alsi) 
suggests  serious  overload  of  the  respirators  mus- 
cles. Fortunately,  for  the  purpose  of  monitoring,  the 
changes  just  discussed  in  the  pattern  of  respiratory 
muscle  activation  and  in  the  breathing  pattern  tend 
to  occur  abruptK  after  stress  is  imjiosed  or  re- 
lieved. improN  uig  the  clinical  ulilit\  of  such  in- 
dicators. 

A  number  of  measLues  ol  eltort  and  reserve  that 
might  be  desirable  and  feasible  to  moiutor  usmg  a 
mechanical  \entilator  aie  not  ciurently  considered 
essential  to  the  scientific  management  ol  jiaticnts 
recei\ing  ventilatory  su|ipori.  Among  these  arc  the 
inspiratory  pressure-time  product,  the  work  of 
breathing,  the  "effort  index."  the  power  re- 
quirement, the  maximum  \olunlaiy  \entilation.  the 
Pol  (occlusion  pivssuiv  10(1  ms  mio  iiispiralion  i. 
and  the  mean  inspirator)  flow  rate.  During  a  |ieriod 
of  passive  inlTation.  the  average  inspirator)   pres- 


sure recorded  during  constant  inspiratory  How  (P|) 
pro\  ides  an  index  of  the  work  per  liter  required 
from  the  \entilator  for  the  specific  tiilal  and  in- 
spirator) flow  rate  employed-''  (Fig.  7i.  I'he  product 
of  F-*!  ami  \  T  )ields  the  inspirator)  work  ot  breath- 
ing per  tidal  breath,  and  the  product  of  P|  and  Vi 
yields  an  estimate  of  the  machine's  ongoing  power 
expenditure  (work  output  per  minute).  Under  un- 
changing passive  conditions.  P|  prt)\  ides  a  con- 
venient indicator  ol  the  impedance  to  breathing 
presented  b)  the  endotracheal  tube  and  respirator) 
system.  If  the  ventilator's  tidal  vokiiiie  and  How 
settings  can  be  matched  to  those  of  a  spontaneousl) 
breathing  subject.  P]  can  also  estimate  the  patient's 
own  pressure  requirement  with  reasonable  ac- 
curac).-^  Such  matching  is  difficult,  however. 
W  ithoLit  an  esophageal  balloon  in  place,  work  re- 
(.|uii"ement  cannot  be  quantified:  estimates  rel)  on 
measurements  of  resistance,  compliance,  tidal  vol- 
ume. c)cle  timing,  and  tTow.  Of  more  value  would 
be  some  measure  of  the  patient's  inspiratory  pres- 
sure-lime product,  work  of  breathing,  or  power  out- 
put during  unassisted  breathing. 


Fig.  7.  Airway  pressure  profile  during  passive  Inflation 
with  constant  flow.  Under  these  conditions,  the  pressure 
halfway  through  the  tidal  inflation  (P)  represents  the  work 
per  liter  of  ventilation  required  to  achieve  the  selected 
flowrate  and  tidal  volume.  The  cross-hatched  area  is  the 
work  performed  against  elastic  forces. 

During  assisted  machine  cycles,  the  patient's 
work  component  can  be  gauged  by  comparing  the 
machine's  work  output  during  controlled  and  as- 
sisted cycles  of  identical  flow  and  \  r  character- 
istics. Alternatively,  patient  effort  can  be  asses.sed 
more  direct!)  b)  quantif)ing  the  inspiratory  pres- 
sure-time iirotluct  with  an  esophageal  balloon  It  is 
conceivable  that  a  mechanical  ventilator  primed 
with  data  regarding  R|  and  C"  could  keepi  track  of 
Ihc  patient's  inspirator)  work  ol  breathing  b)  com- 
paring the  calculated  value  lor  total  wmk  ac- 
complished to  the  ventilator's  own  contribution 
during  triggered  cycles.  To  my  know  ledge,  such 
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siipliisticatcd  cstimalL's  lia\c  not  been  incmporatcd 
or  designed. 

The  oeelusiiMi  pressure  reecrded  100  milli- 
seconds after  the  uiiliatiiMi  of  a  tidal  effort  (Poi) 
has  been  suggested  as  a  useful  indicator  of  patient 
effort  and  appears  to  correlate  well  with  the  ahility 
of  compromised  patients  to  v\ean  from  mechanical 
ventilation.-""^'  The  Po  i  can  he  estimated  rather 
closely  by  recording  the  pressure  in  the  central  air- 
way during  a  brief,  surreptitious  occlusion  of  the 
inspiratory  circuit.  Indeed,  the  \entilator's  own  de- 
mand \ai\e  pro\ides  a  delay  that  ser\'es  as  a  very 
brief  occlusion  during  each  breath,  especially  at 
low  sensitivity  settings.'-  Theoretically,  the  Po.i  is  a 
datapoint  that  could  be  gathered  and  displayed  on 
command  by  the  ventilator. 

Comparison  with  the  recorded  Po  i  before  and 
after  CO.  stinndation  may  be  the  most  effective 
method  \et  reported  to  predict  weaning  success  or 
failure;  the  inability  to  increase  Po.i  after  a  CO. 
challenge  indicates  a  patient  at  the  limits  of  his/her 
reserve." 

Strength 
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Fig.  8.  Maximal  inspiratory  and  expiratory  pleural  pres- 
sures in  relation  to  lung  volume.  Note  that  the  maximum 
pressures  that  can  be  generated  during  airflow  (Max  dy- 
namic effort)  are  considerably  lower  than  those  achieved 
under  static  (occluded)  conditions. 

serve  volume.  Comparison  of  standard  VC  ma- 
neuvers with  stacked  VC  maneuvers  have  shown 
remarkably  good  coirelation,  even  in  otherwise 
naive  subjects.'""  Mechanical  ventilators  could  cer- 
tainly be  adapted  to  facilitate  MIP  and  VC  meas- 
urements of  this  type. 


The  two  measures  of  strength  t)f  most  \alue  dur- 
ing mechanical  ventilation  are  the  maximum  in- 
spiratory pressure  (MIP)  and  the  vital  capacity 
(VC).  In  current  practice,  both  MIP  and  VC  are 
usuall\  measured  by  encouraging  the  patient  to 
make  ma.ximal  efforts  after  disconnecting  the  me- 
chanical ventilator.  .Several  important  features  of 
such  measurements  should  be  taken  into  considera- 
tion, however.  First,  although  the  MIP  measure- 
ment is  usually  made  against  an  occluded  airway. 
such  values  may  be  significantly  higher  than  the 
maximum  pressure  that  is  possible  to  generate  dur- 
ing a  dynamic  effort  (Fig.  8).  Second,  inspirations 
against  an  occlusion  should  begin  from  a  low  lung 
volume  and  persist  long  enough  to  elicit  maximal 
effort.  Pre\ious  studies  have  demonstrated  that  S- 
10  breaths  or  20-25  seconds  may  be  needed  before 
MIPs  are  recorded  and  that  the  use  of  a  valve  that 
allows  exhalation  but  prevents  inhalation  may  max- 
imize the  recorded  pressure  values.'''' 

Even  when  the  patient  is  unconscious  or  poorly 
cooperative,  the  VC  can  be  recorded  by  using  a 
one-way  valve  to  stack  serial  inspiratory  efforts  or 
to  expel  air  sequentially  from  the  expiratory  re- 


Ventilator  and  Circuit 

The  primary  objectives  of  assessing  the  ven- 
tilator and  circuit  are  to  assure  appropriate  flow  de- 
livery in  terms  of  magnitude  and  pattern  and  to  as- 
sure that  spontaneous  breaths  occur  unimpeded  by 
excessive  circuit  resistance.  The  primary  means  of 
assessing  the  performance  of  the  ventilator  and  cir- 
cuit with  respect  to  these  objectives  are  the  indices 
provided  by  the  airway  pressure  tracing  and  the 
flow  delivery  pattern. 

The  airway  pressure  tracing  provides  crucial 
data  for  as.sessing  how  well  the  ventilator  is  pro- 
viding the  desired  flow  pattern  and  how  well  the 
external  circuitry  succeeds  in  minimizing  added 
impedance  through  the  external  circuit.  It  should  be 
borne  in  mind  that  the  inspiratory  effort  of  a  patient 
breathing  spontaneously  may  be  considerably 
greater  than  that  suspected  from  examination  of  the 
central  airway  pressure  tracing.  Inspiratory  effort 
through  an  endotracheal  tube  may  be  hidden  from 
\iew  unless  pressure  is  recorded  at  the  carinal  end 
of  the  endotracheal  tube.  In  the  future,  attempts 
ma\    well   be  made  bv  mechanical  ventilators  to 
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sense  pressure  at  the  tracheal  level  or  to  com- 
pensate for  endotracheal-tube  resistance  in  other 
ways.  At  the  present  time,  the  level  of  pressure  sup- 
port needed  to  overcome  endotracheal-tube  re- 
sistance is  a  crude  estimate,  at  best.  Many  tubes  of- 
fer more  resistance  in  practice  than  a  clean 
endotracheal  tube  examined  in  vitro. '^  Moreover,  at 
high  frequency  both  the  effectiveness  of  pressure 
support  in  achieving  a  given  tidal  volume  and  the 
contour  of  the  applied  pressure  waveform  itself  de- 
teriorate. 

Patient- Ventilator  Synchrony 

Variations  in  peak  airway  pressures  recorded 
during  assist/control  give  a  good  clue  as  to  the  syn- 
chrony of  the  patient's  inspiratory  efforts  with  the 
duration  of  machine  activation.  Marked  fluctua- 
tions in  the  observed  peak  airway  pressure  suggest 
that  the  patient's  inspiratory  efforts  are  asyn- 
chronous with  the  ventilator's  flow  delivery.  An- 
other key  observation  is  a  comparison  of  the  pa- 
tient's effort  frequency  to  the  triggered  rate  of  the 
ventilator.  Apart  from  extreme  weakness  or  sup- 
pression of  ventilatory  drive,  deflections  of  airway 
pressure  that  do  not  result  in  machine  cycles 
strongly  suggest  that  the  triggering  sensitivity  of 
the  ventilator  is  set  inappropriately  or  that  auto- 
PEEP  is  present.  Close  observation  of  the  airway 
pressure  and  flow  tracings  can  often  reveal  such 
asynchrony  but,  as  in  many  other  clinical  situa- 
tions, the  best  information  is  usually  obtained  by  si- 
multaneous observation  of  the  patient's  breathing 
pattern  and  the  information  recorded  from  the  ma- 
chine. 

Summary 

Vv'ithout  a  careful  definition,  it  is  very  difficult  to 
propose  a  list  of  essential  derived  variables  that 
should  be  monitored  during  mechanical  ventilation. 
The  list  of  essentials  will  vary  not  only  with  dis- 
ease type  and  severity  but  also  with  the  expertise  of 
the  operator  in  interpreting  the  data,  and  will- 
ingness to  incorporate  it  into  his/her  surveillance 
and  treatment  plan.  It  can  be  cogently  argued  that 
the  only  variables  of  crucial  significance  to  the  vast 
majority  of  patients  are  the  primary  ones — airway 
pressure,  flow,  tidal  volume,  and  minute  ventila- 


tion. My  own  view  is  that  end-inspiratory  (Pd.  Ps, 
and  P/),  end-expiratory  (total  PEEP),  and  mean  air- 
way pressures  must  be  checked  at  frequent  inter- 
vals, especially  in  ARDS.  Partitioning  of  the  total 
pressure  into  its  flow-driving  and  elastance- 
counterbalancing  components  is  always  wise, 
whether  or  not  resistance  and  compliance  or  elas- 
tance  are  formally  calculated.  Incremental  changes 
in  the  pressure-volume  relationship  should  be  mon- 
itored whenever  adjustments  in  PEEP  or  Vj  are 
made.  Ventilatory  demand,  strength,  and  power- 
reserve  assessment  are  often  instrumental  in  the 
care  of  the  ventilator-dependent  patient  who 
presents  as  a  weaning  problem.  The  most  \aluable 
indicators  of  these  include  the  \fe,  the  maximum 
voluntary  inspiratory  pressure,  and  the  frequency- 
to-tidal-volume  ratio.  Measurements  of  the  work  of 
breathing.  Po  i.  and  Pes  should  be  reserved  for  un- 
usually difflcult  clinical  questions.  Finally,  the  var- 
iability of  the  Paw  tracing  yields  valuable  data  re- 
garding the  synchrony  of  patient-ventilator  inter- 
actions. 
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Background 

An  alarm  can  he  defined  as  "a  signal  that  warns 
or  alerts"  or  "a  device  that  signals."  One  clinical 
definition  of  an  alarm  is  "a  mechanism  that  warns 
of  potentially  dangerous  events."'  The  event  may 
be  a  failure  of  the  technology  used  to  support  a  pa- 
tient, or  it  may  be  a  patient-generated  phenomenon. 


Dr  Maclntyre  is  Medical  Director,  and  Ms  Day  is  Assistant  Di- 
rector, Respiratory  Care,  Dulce  University  Medical  Center, 
Durham,  North  Carolina. 
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the  Consensus  Conference  on  the  Essentials  of  Mechanical 
Ventilators,  sponsored  by  the  American  Association  for  Res- 
piratory Care,  the  American  Respiratory  Care  Foundation,  and 
the  journal  Respiratory  Cari:  held  February  27-29,  1992.  in 
Cancun,  Mexico. 

Repruits:  Neil  R  Maclntyre  MD.  Duke  University  Medical 
Center,  Respiratory  Care  Services,  Box  3911,  Durham  NC 
27710. 


Modem  mechanical-ventilation  alarms  derive 
from  several  decades  of  technical  ad\ances  in  ine- 
chanical  ventilators.  The  earliest  \entilators,  both 
positive-pressure  and  negative-pressure  models, 
lacked  any  alarms.  The  user  had  to  rely  on  patient 
assessment  and  visual  and  audible  signs  of  proper 
function  (ie.  chest  movement  and  the  sound  of  gas 
flow).  As  machine  complexity  increased,  alarm  ca- 
pabilities followed  to  ensure  that  safe  mechanical 
ventilatory  support  was  indeed  taking  place.  Later 
developments  in  alarm  systems  resulted  in  tiie  ca- 
pability to  warn  of  important  changes  in  patient 
physiology. 

Alarm  Sites 

Current-generation  (1992)  mechanical  ven- 
tilators have  the  capability  to  monitor  events  and 
actuate  alarms  in  three  conceptually  different  sites: 
(1)  the  ventilator  itself,  (2)  the  patient-ventilator  in- 
terface, and  (.^)  the  patient.' 
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Site  1:  Ventilator 

Site  1  is  in  the  ventilator  and  in\oi\es  mon- 
itoring the  machine's  electrical  and  mechanical 
functions.  Site- 1  alarms  are  designed  to  alert  the 
clinician  to  machine  malfunction  or  failure.  Po- 
tentially, from  this  site  there  can  be  monitoring  of 
internal  pressures,  flows,  timers,  gas  supply,  and 
electronic  function.  Usually,  however,  only  alamis 
for  power  loss,  gas-supply  loss,  and  machine  mal- 
function are  present. 

Site  2:  Patient-\  entilator  Interface 

Site  2  invoh  es  the  interactions  of  the  patient  and 
the  ventilator  and  uses  monitors  in  the  pneumatic 
ventilator  circuit.  Monitoring  and  alami  capabilities 
apply  to  circuit  pressures  (eg,  peak,  mean,  plateau, 
and  baseline  "airway"  pressures),  inhaled  and  ex- 
haled volumes,  delivered-gas  tlowrates.  mechanical 
and  spontaneous  breaths,  inspiratory  and  expiratory 
timing  (I-E  ratios),  oxygen  concentration,  heat,  and 
humidity. 

Site-2  monitors  and  alarms  provide  the  clinician 
with  information  about  the  patient  as  he  or  she  in- 
teracts with  the  \entilator.  Derived  data  and  alarm 
activities  may  thus  retlect  either  machine  or  patient 
changes  or  events.  A  low-exhaled-volume  alarm, 
for  example,  may  be  generated  by  a  circuit  leak,  or 
by  a  ventilator  malfunction,  or  by  a  patient  whose 
lung  compliance  is  worsening  or  who  is  losing  gas 
volume  through  a  chest  tube  or  around  a  poorly 
sealed  endotracheal  tube. 

Site  3:  Patient 

Site  3  involves  true  patient  monitors,  such  as  de- 
vices to  measure  arterial  oxygen  saturation  and 
end-tidal  carbon  dioxide  concentrations.  Although 
events  detected  by  Site-3  alarms  may  possibly  be 
related  to  the  ventilator,  these  monitors  are  usually 
designed  to  detect  patient  events  that  are  often  in- 
dependent of  the  mechanical  ventilation  systems. 
Site-3  monitors  and  alarms  usually  exist  as  stand- 
alone units,  but  they  also  may  be  part  of  a  ven- 
tilator's monitoring  package. 

Alarm  Events 

The  goal  of  mechanical-ventilator  alarms  is  to 
warn  of  events.'"*  An  event  in  this  context  is  any 


condition  or  occurrence  that  requires  clinician 
awareness  or  action.  Events  related  to  mechanical 
ventilation  can  be  conceptually  divided  into  three 
levels  or  priorities.'** 

Level  1:  Immediately  Life-Threatening  Events 

Mechanical  ventilators  are  life-support  systems. 
Patients  requiring  mechanical  ventilation  may  have 
little  or  no  ability  to  breathe  if  the  ventilator  stops 
functioning.  We  should  expect  a  Level- 1  alarm  to 
warn  of  every  event  in  time  for  prompt  correction 
to  be  made  (Table  1 ).  Because  of  the  essential  na- 
ture of  this  type  of  warning,  alarms  with  redundant 
or  overlapping  function  should  be  present.  For  in- 
stance, a  failure  to  deliver  gas  should  actuate  a  low- 
volume  alarm,  and.  if  practical,  even  a  gas- 
exchange  alarm  (eg.  capnography-triggered).  This 
type  of  event  should  never  be  considered  to  have  a 
'mild'  form:  A  serious  failure  exists  every  time  it 
occurs.  The  alarms  for  Level- 1  events  are  thus 
mandatory,  redundant,  and  noncancelling.  The  goal 
is  to  provide  virtually  100%  reliability  of  the  ven- 
tilator's life-support  functions.  Some  machine  fail- 
ure is  unavoidable.'' ■'^^  but  appropriate  alarms  can 
and  must  alert  clinicians  to  technical  breakdowns. 


Table  1.      Immediately  Life-Threatening  Ventilator  Events 
( Level- 1 )  and  Related  Monitors  and  Alarms 

Event  Potential  Monitors/Alarms 


No  gas  delivery 
to  patient 


Pressure  transducer,  flow  trans- 
ducer, timing  device.  Site-1* 
monitors 


Excessive  gas  delivery  Pressure  transducer.  How  Irans- 

to  patient  ducer.  timing  device,  Site-1 

monitors 

Exhalation-valve  failure        Pressure  transducer,  flow  trans- 
ducer. Site-1  monitors 


Timina  failure 


Pressure  transducer,  flow  trans- 
ducer, timing  monitor.  Site-1 
monitors 


Electrical-power  failure        Battery-powered  alarm.  Site-1 

monitors 


"Monitoring  site  w  ithin  the  ventilator. 
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When  a  Level- 1  event  occurs,  the  ventilator 
should  not  sinipl\  sound  an  aiann  and  shut  down: 
rather,  it  should  dclaull  to  a  condition  in  which  the 
patient  is,  at  the  very  least,  not  'locked  out"  and  is 
offered  a  source  of  fresh  gas  to  breathe.  The  de- 
fault-condition response  to  serious  mechanical  fail- 
ure varies  by  ventilator  manufacturer.  It  can  range 
from  an  alarm  message  of  "Nentilator  inoperative" 
and  an  opening  of  the  patient  circuit  to  atmosphere, 
to  an  alarm  message  and  a  backup  muiimum- 
ventilation  mode.'""  Both  responses  are  designed 
to  alert  clinicians  to  immediately  replace  the  ven- 
tilator and  to  do  the  patient  as  little  harni  as  pos- 
sible during  mechanical  failure.  A  ventilator  should 
also  have  several  battery-backed  alarms  for  Level- 1 
events  in  case  of  power-source  failure. 

Level  2:  Ventilator  Events  Possibly  Life- 
Threatening  If  Uncorrected 

The  events  in  this  category  can  range  from  mild 
irregularities  in  the  mechanical  function  of  the  ven- 
tilator to  dangerous  situations  that,  under  certain 
circumstances,  could  threaten  the  patient's  safety 
or  life  if  left  uncorrected  for  a  prolonged  period 
(Table  2).  An  example  of  a  Level-2  event  would  be 
a  circuit  leak.  A  small  leak  (<  10  mL/breath)  would 
not  harm  most  adult  patients,  whereas  a  large  leak 
(100  mL  or  more)  might  cause  serious  hypo- 
ventilation. 

Aku-ms  for  these  events  are  important  and  are 
present  on  nearly  all  modern  ventilators.  In  fact, 
monitors  and  alarms  for  Level- 1  events  will  often 
function  for  Level-2  events  as  well.  However,  re- 
dundancy for  Level-2  events  is  usually  not  nec- 
essary. 

Level  3:  Patient  Events 

This  type  of  event  can  have  an  important  impact 
on  the  level  of  support  given  and  on  the  pressure 
and  volume  consequences  of  that  support.  Level-3- 
alarm  sites  are  usually  in  the  ventilator-patient  in- 
terface or,  sometimes,  on  the  patient  (fable  ^). 
Alarms  for  Level- 1  and  Level-2  events  often  func- 
tion as  alarms  for  Level-3  events  as  well.  Re- 
dundancy, or  separate  alarms,  however,  should  not 
be  considered  mandatory  for  Level-3  events. 

Because  patient  status  can  change  either  abrupt- 
ly or  insidiously,  the  alarms   for  Level-3  events 


Table  2.    Ventilator    Events    Potentially    Life-Threatening    If 
Left  Uncorrected  (Level  2)  and  Related  Monitors 


Event 


Potential  Monitors  for  Alarms 


Gas-blender  failure 

Loss  of  PEEP,  or 
excessive  PEEP 

AutocNcline 


Circuit  leak 

Circuit  partially 
occluded 


Fio:  sensor 


Pressure  transducer 

Timing  monitor,  tlinv  transducer, 
CO;  sensor 

Pressure  transducer,  flow  transducer 


Pressure  transducer,  flow 
transducer 


Inappropriate  l-E  ratio        Timing  monitor.  flov\  transducer 


Inappropriate 

heater/humidifier 
function 


Temperature  probe 


must  be  adjusted  carefully  for  each  patient,  and 
they  may  need  to  be  readjusted  often  to  correlate 
with  patient  changes  in  order  to  remain  accurate 
enough  to  warn  of  important  problems. 

Clinician-.AIarni  Interactions 

Alarm  Settings 

Alarm  setup  involves  selecting  alarm  settings 
that  maximize  sensitivity  (ie,  the  percentage  of  true 
events  that  are  detected)  and  specificity  (ic.  the  per- 

Table  3.    Patient  Events  (Level  ?<)  and  Potential  Monitors 


Event 


Potential  Monitors  for  Alarms 


Change  in  ventilatory  drive 
(CN.S.  peripheral  nerves, 
or  muscle  function) 


Change  in  compliance/ 
resistance  (air  trapping, 
barotrauma) 


Auto-PEEP 


Timing  monitor,  flow  trans- 
ducer, pressure  transducer 
(in  conjunction  with  airway 
occlusion),  CO;  analyzer 

Pressure  transducer  (in  con- 
junction with  mspiratory 
pauses),  tlow  transducer 

Pre.s.sure  transducer  (in  con- 
junction with  airway  occlu- 
sion), flow  transducer 
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centage  of  false  events  that  are  ignored).  However, 
a  high  sensitivity  often  leads  to  a  loss  of  specificity 
and  a  high  rate  of  false-positive  alamis.  A  false- 
positive  rate  of  5%,  for  example,  may  be  quite  ac- 
ceptable for  a  single  alarm,  but  if  a  number  of 
alarms  with  similar  specificity  are  used  together, 
the  rate  of  false-positive  alarms  can  rise  dramat- 
ically." This  results  in  'noise  pollution"  and  a  ten- 
dency for  staff  to  ignore  alarms.  To  minimize  this, 
the  clinician  should  limit  the  number  of  events  that 
are  co\ered  b>  alarms  and/or  should  individualize 
alarm  ranges  to  maximize  sensitivity  for  Level- 1 
events  (at  the  cost  of  a  loss  of  specificity) — and 
then  strike  a  more  even  balance  between  sensitivity 
and  specificity  for  Level-2  and  Level-3  events. 

Alarm  Interpretation 

Clinical  skills  are  vital  in  determining  the  cause 
of  an  alarm.  Several  questions  must  be  answered 
quickly:  ( 1 )  Is  the  alarm  reflecting  a  true  event?  (2) 
Is  the  event  ventilator-related  or  patient-related, 
and  how  important  is  it  (ie,  a  Level- 1,  -2,  or  -3 
event)?  (3)  What  response  is  necessary?  Effectively 
answering  these  questions  requires  a  high  degree  of 
clinical  and  technical  expertise. 

Alarm  Packages 

An  alarm  package  for  a  mechanical  ventilator 
can  range  from  comprehensive  to  basic. 

Comprehensive  Alarm  Packages 

The  addition  of  microprocessors  to  ventilators 
extends  their  alarm  capabilities  almost  to  infinity. 
The  latest  microprocessor  ventilators  provide  a 
high  degree  of  self-checking  for  both  electro- 
mechanical and  pneumatic  systems.  This  can  cause 
some  arbitrary  electronic  tolerances  to  be  so  tight 
that  they  cause  unnecessary  alarms  and  service 
calls  for  conditions  that  do  not  cause  any  patient 
harm.  This  is  a  consequence  of  the  facts  that  (1) 
there  are  no  written  standards  for  alarm-accuracy 
rates,  and  (2)  mechanical  failure  is  generally 
viewed  to  be  the  manufacturer  and  the  user's  li- 
ability and  is  not  considered  a  reasonable  risk  for 
patients. 


These  comprehensive-approach  systems  can 
check  electromechanical  function,  pneumatic  func- 
tion, and  ventilator-patient  interfaces  every  few 
milliseconds,  and  thus  they  create  the  potential  for 
an  enormously  comprehensive  alarm  system.  As 
noted  above,  however,  this  tremendous  amount  of 
sensitivity  will  usually  result  in  a  concomitant  loss 
of  specificity  and  consequent  noise  pollution.  For 
this  comprehensive  approach  to  be  clinically  use- 
ful, therefore,  microprocessors  must  be  used  to 
create  "smart'  alarm  packages  that  can  be  pro- 
grammed to  analyze  information  discriminately. 
Software  programs  can  be  designed  to  combine  in- 
formation, compare  it  to  previous  information,  gen- 
erate alarms,  and  even  recommend  corrective  ac- 
tions. Future  software-design  improvements  may 
include  variable  alarni  delays  or  multiple-breath- 
measurement  averaging  compared  to  an  instant 
alarm  or  a  breath-to-breath  update  on  measure- 
ments. Microprocessors  have  the  ability  to  link  key 
settings  with  alarms  and  redundant  alarms  to 
prompt  the  user  to  make  appropriate  choices.  An 
example  of  this  would  be  a  patient  on  pressure  sup- 
port, some  of  whose  breaths  have  small  tidal  vol- 
umes. If  the  machine  prompts  the  clinician  to  set 
appropriate  minute-ventilation  and  respiratory-rate 
alarms,  the  tidal-volume  alarm  can  safely  be  set 
lower,  and  this  will  eliminate  an  irritating,  re- 
dundant alarm. 

Basic  Alarm  Packages 

At  the  other  extreme  is  the  minimal,  or  basic,  ap- 
proach, based  on  the  concept  that  protecting  the  pa- 
tient from  ventilator  malfunction  is  the  only  re- 
quired goal.  The  alarm  package  is  thus  constructed 
to  provide  at  least  two  alarms  for  Level- 1  events 
and  at  least  one  alarm  for  Level-2  events.  For  ex- 
ample, such  a  package  might  include  a  gas-inlet 
alarm,  a  Site-1  malfunction  alarm,  a  high-low  pres- 
sure alarm,  a  high-low  minute  ventilation  alarm, 
and  a  high-low  temperature  alarm  (if  a  water  hu- 
midifier is  used). 

The  basic  approach  to  the  alarm  package  often  is 
used  on  a  ventilator  without  extensive  micro- 
processor control.  Costs  are  greatly  reduced,  and 
reliability  may  be  increased  secondary  to  the  re- 
duction in  complexity.  A  reduction  in  user  error 
may  also  accompany  less  complexity.  While  basic 
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safety  of  the  patient  is  provided,  sophisticated  auto- 
mated responses  usually  are  not  possible  with  this 
approach.  Extensive  patient  monitoring  and  alarm 
capabilities  also  do  not  usually  exist  with  the  basic 
approach. 

In  Conclusion 

Manufacturers  have  accepted  a  charge  to  pro- 
duce both  reliable  and  redundant  alarms  to  warn  of 
almost  any  feasible  ventilator  failure.  Alarms  are 
mandatory'  only  when  applied  to  potentially  life- 
threatening  ventilator  events.  However,  alarms  are 
also  important  to  warn  of  other  ventilator  or  patient 
events  that  could  affect  clinical  management. 

Alarm  settings  require  a  balance  of  sensitivity 
and  specificity.  In  the  future,  the  simple  concept 
that  "if  a  variable  can  be  measured,  it  should  be 
monitored  by  an  alarm"  must  be  tempered  by  clin- 
ical judgment.  When  an  alarm  activates,  the  cli- 
nician must  determine  whether  the  problem  is  the 
ventilator  or  the  patient  (or  both)  and  must  be  pre- 
pared to  respond  appropriately.  Clinical  skill  and 
understanding  of  the  alarm-system  design  are  thus 
crucial. 

Finalh,  while  the  basic  approach  to  providing 
alarms  for  only  Level- 1  and  Le\el-2  events  with  a 
simple  system  provides  an  appropriate  safety  stan- 
dard, the  capability  to  expand  alarm  systems  to 
smart  systems  is  a  desirable  goal  for  the  future. 
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Introduction 

When  one  ventures  onto  the  exhibit-hall  floor  to 
'kick  the  tires"  of  this  year's  latest  and  greatest  ven- 
tilators, on  almost  all  of  them  one  sees  communica- 
tion ports  designed  to  allow  computers  in  the  ven- 
tilator to  'talk'  to  external  devices  such  as  printers 
and  other  computers.  If  this  feature  is  not  included 
on  a  current  model,  then  it  usuallv  is  available  as  a 
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low-cost  option.  The  ventilator  sales  staff  will  ea- 
gerly point  out  this  "valuable"  feature  and  will  be 
quick  to  imply  that  everyone  needs  this  digital 
communication  poil  in  order  to  exist  in  the  "mod- 
ern computerized  hospital  environment."  The  clear 
impression  given  is  that  if  you  buy  this  elegant  ma- 
chine, all  you  need  to  do  is  make  a  simple  connec- 
tion between  this  port  and  any  other  computer,  and 
ail  the  necessary  respirator)'  care  data  will  be  ef- 
fectively and  accurately  transferred. 

In  reality,  the  current  situation  is  more  like  buy- 
ing a  fancy  new  car,  then  finding  that  the  radio  re- 
ceives only  Japanese  stations.  If  you  are  an  elec- 
tronics expert,  you  might  be  able  to  modify  the 
radio  to  receive  your  local  FM  stations.  It  might  be 
possible  to  buy  a  converter  that  fixes  the  problem; 
or  you  might  accept  the  radio  the  way  it  is  and 
learn  Japanese.  Most  persons  would  just  never  use 
the  radio,  and  that  is  exactly  what  happens  v\ith 
most  of  the  digital  communication  ports  on  me- 
chanical ventilators  today.  They  sit  unu.sed. 

The  purpose  of  this  paper  is  to  provide  a  back- 
ground on  digital  electronic  communication  and  the 
problems  encountered  in  interfacing  a  computer 
with  a  mechanical  ventilator.  The  current  state  of 
the  art  and  future  directions  are  examined.  Finally, 
three  pivotal  questions  are  addressed:  ( 1 )  Is  it  es- 
sential to  have  a  disital  electronic  communication 
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port  nil  a  \entiiator'.'  (2)  What  impact  do  electronic 
data  from  a  \entilator  ha\e  on  patient  outcome?  (3) 
If  electronic  communication  is  to  be  et'tecti\e  in  the 
future,  how  should  these  interfaces  be  configured 
for  mechanical  \entilalion? 

Background 

Digital  communication  of  respiratory  care  in- 
formation can  be  seen  as  having  five  hierarchical 
levels  (A  through  H).  as  seen  in  Figure  1.  The  low- 
est level  (A)  is  the  basics  of  the  hardware,  the  phys- 
ical communication  link.  The  intermediate  levels 
are  (B)  handshaking  between  devices.  (C)  data  for- 
mat, and  (D)  validation  of  data.  .'Xt  the  top  level  of 
this  hierarchv  is  (El  the  issue  of  vshether  data  are 
representative.  Effective  communication  on  all 
these  levels  is  essential  if  the  system  as  a  whole  is 
to  be  beneficial  to  the  clinician  and  to  the  patient. 


Fig.  1.  The  five  levels  of  digital  communication.  Effective 
communication  must  exist  at  all  five  levels  If  electronic 
communication  between  the  ventilator  and  the  computer 
is  to  be  helpful  to  the  clinician. 


Level  .\:  Hardware  for 
Digital  Communication 

The  lowest  le\  el  of  our  hierarchy  is  the  hardu  are 
necessary  to  communicate  digitally.  Digital  com- 
munication consists  of  representing  numerals  and 
letters  by  binary  numbers.  Each  numeral  and  letter 
is  assigned  an  .X.SCil  (American  .Standard  Code  for 
Intormation  Interchange)  code  number.  These  .AS- 
CII ciides  are  represented  b\  binai\  numbers  that 
are  made  up  of  series  of  the  numerals  one  i  I  i  and 
zero  (0).  For  example,  the  numeral  1  (actuall>  con- 
sidered a  character  for  ASCTI  purposes)  is  assigned 


an  .ASCII  \alue  of  48.  which  when  converted  to 
base  2  or  a  biiiar\  number  is  I  10000  ( 1  lOOOO  =  2'  -i- 

2^). 

The  most  common  digital  comniunications  on 
mechanical  ventilators  conform  to  a  standard 
known  as  RS-2.32  (Fig.  2).  The  ASCII  numbers  are 
sent  as  a  series  of  either  seven  or  eight  data  bits  (a  I 
or  a  0).  luicli  bit  is  ph\sicall_\  represented  b_\  a  \olt- 
age  {+?>  to  -(-25  V  for  a  I.  and  -3  to  -25  V  for  a  Oi 
that  is  present  on  the  wires  for  a  fixed  time  interval. 
The  length  of  the  fixed  lime  interval  for  each  bit  is 
dependetit  on  the  baud  rale  (bits  per  sccoiuii.  Many 
different  baud  rates  are  used,  from  100  to  19.200 
bits  per  second.  The  RS-232  standard  also  defmes 
25  conductor  cable  wiring  connections  (Table  I ) 
that  can  be  used  for  RS-2.^0  communication.  .A 
common  mistake  is  to  assume  that  if  a  device  is 
claimed  to  have  an  RS-232  port,  it  will  easily  con- 
nect u  ith  any  other  RS-232  port  on  a  computer  or 
printer.  The  problem  uitli  the  RS-232  standard  is 
that  it  is  \er_\  flexible — to  the  point  of  being  close  to 
being  no  standard  at  all.  We  like  to  refer  to  this  phe- 
nomenon as  the  RS-232  m\  th. 


Baud  Rate 


V+ 


(.M)0.12(»0.  2400,  4800, 
')600.  19200  b/sl 


Start     10      1       0     1 


Stop 


\+  =  3  to  25  V 
V-  =  -3  to  -25  V 


Number  of 
Data  Bit.s=  7  or  8 


Fig.  2.  RS-232  digital  communication,  the  most  common 
digital  communication  on  mechanical  ventilators.  The 
ASCII  numbers  are  sent  as  a  series  of  either  seven  or 
eight  data  bits  (a  1  or  a  0).  Each  bit  is  physically  repre- 
sented by  a  voltage  (-i-3  to  +25  V  for  a  1 ,  and  -3  to  -25  V 
for  a  0)  that  is  present  on  the  wires  for  a  fixed  time  inter- 
val. The  length  of  the  fixed  time  interval  for  each  bit  is  de- 
pendent on  the  baud  rate  (bits  per  second).  Many  differ- 
ent baud  rates  are  used,  from  100  to  19.200  bits  per 
second. 


The  following  are  commi>n  \ariables  associated 
with  ihc  RS-232  standard:  cable  connector,  connec- 
tions (pin  definitions),  number  of  data  bits,  number 
oi  stop  bits,  baud  rate,  and  parity.  Paritv  is  a  bit 
used  for  eiTor-checkinu.  It  must  be  defined  whether 
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Table  \.    RS-232  25-Pin  D-Connector  Pin  Definitions 


Pin  No. 


Symbol 


Definition 


Table  2.    Digital  Communications  Port  on  Apple  Macintosh 
Computer* 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 


FG 
TD 

RD 

RTS 

GTS 

DSR 

SO 

DCD 


QM 

sDCD 

sCTS 

sTD 

TC 

sRD 

RD 

DCR 

sRTS 

DTR 

SQ 

RI 

TC 


Frame  Ground 
Transmitted  Data* 
Received  Data* 
Request  To  Send 
Clear  To  Send 
Data  Set  Ready 
Signal  Ground* 
Data  Carrier  Detect 


Equalizer  Mode 
Secondary  DCD 
Secondary  CTS 
Secondary  TD 
Transmitter  Clock 
Secondary  RD 
Receiver  Clock 
Divided  Clock  Rcvr 
Secondary  RTS 
Data  Temiinal  Readv 
Signal  Quality  Detect 
Ring  Indicator 
Data  Rate  Selector 
Ext  Trans  Clock 
Busy 


♦Indicates  essential  connections. 


parity  error-checking  is  used,  and  il  it  is  used 
whether  it  is  even  or  odd  parity. 

The  electrical  connector  varies  a  great  deal  from 
device  to  device.  The  number  of  conductors  in  the 
cable  can  vary  from  2  to  23.  The  types  of  con- 
nectors used  include  RJ-il  phone  jack.  DIN-8 
round  connector.  9-pin  D-connector.  15-pin  D- 
connector,  and  25-pin  D-connector.  These  con- 
nectors may  be  male  or  female.  The  definitions  of 
the  pins  \  ary  among  manufacturers.  For  example, 
the  connections  for  the  digital  communication  port 
on  the  Apple  Macintosh  computer  are  shown  in  Ta- 
ble 2.'  Compare  Table  2  to  Table  1.  which  is  the 
RS-232  standard. 

Even  the  definitions  of  "transmit"  and  "receive" 
are  confusing.  The  manufacturer  of  a  computer  may 
define  data  going  from  his  computer  to  the  ven- 
tilator as  "transmit"  and  data  from  the  ventilator  as 
"receive."  The  ventilator  manufacturer,  on  the  other 


Pin 


Definition 


Handshake  Out 

Handshake  In 

Transmit  Data  - 

Signal  Ground 

Receive  Data  - 

Transmit  Data  + 

General  Purpose  Input 

8  Receive  Data  + 

*The  connector  is  a  DIN-8  microcircular  connector. 

hand,  might  define  data  going  from  the  ventilator  to 
the  computer  as  ""transmit."  In  such  a  situation,  if 
the  user  connects  "transmit"  from  both  devices  to- 
gether, there  is  no  communication  because  both  de- 
vices are  'talking"  and  neither  is  'listening." 

The  number  of  data  bits  and  stop  bits,  the  baud 
rate,  and  parity  information  on  a  device  can  usually 
be  set  by  the  user,  and  one  must  match  all  these  var- 
iables if  communication  is  to  occur.  Some  more  so- 
phisticated devices  automatically  adjust  these  var- 
iables to  adapt  to  the  device  connected  to  them. 
Unfortunately,  the  tnith  is  that  even  on  the  simplest 
level  of  digital  communication,  the  hardware  level, 
there  is  often  a  major  communication  gap. 

Level  B:  Handshaking  between  Devices 

The  second  level  of  digital  communication  is 
handshaking  between  devices.  This  can  be  viewed 
as  the  stoplight  of  electronic  communication.  The 
whole  idea  is  to  control  traffic  flow  between  the  de- 
vices. If  data  are  being  sent  to  a  device  more  rapidly 
than  it  can  deal  with  them,  the  device  needs  a  way 
to  say  "STOP!  Wait  until  I  am  ready!""  This  is 
known  as  handshaking. 

Two  different  general  schemes  e.xist:  hardware 
handshaking  and  software  handshaking.  Hardware 
handshaking  uses  physical  wires  between  the  de- 
vices, such  as  data  terininal  ready  (DTR).  clear  to 
send  (CTS),  and  request  to  send  (RTS)  to  control 
the  tlow  of  inforination.  The  disadvantage  of  hard- 
ware handshaking  is  that  it  requires  larger  con- 
nectors and  more  conductors  in  the  cable.  It  can 
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also  be  challenging  to  discover  which  connections 
are  required  for  each  device.  The  most  popular 
technique  is  software  handshaking,  in  which  the 
only  connections  between  the  devices  are  transmit, 
receive,  and  signal  ground.  All  the  control  of  traffic 
is  accomplished  by  use  of  special  ASCII  codes 
known  as  XON  and  XOFF,  roughly  equivalent  to 
GO  and  STOP,  respectively. 

The  handshaking  must  match  on  the  two  de- 
vices. If  one  device  requires  hardware  handshaking 
and  the  other  device  supplies  only  software  hand- 
shaking, there  will  be  serious  problems  and  un- 
reliable communication.  If  hardware  handshaking 
is  used,  it  will  be  challenging  to  discover  which 
connections  are  required  for  each  device. 

Level  C:  Data  Format 

The  representation  of  the  data  is  the  third  ie\el 
of  digital  communication.  The  following  is  an  ex- 
ample of  the  data  stream  from  two  different  me- 
chanical ventilators  that  are  set  up  identically. 

Ventilator  I:  "Tidal  volume  =  ?i5{)  mL" 
Ventilator  2:  ••0.289" 

The  difference  is  that  Ventilator  1  provides  some 
verbal  material  to  identify  its  value,  and  Ventilator 
2  does  not.  In  addition.  Ventilator  2  uses  liters  rath- 
er than  milliliters  as  the  unit  of  measurement,  and 
the  tidal  volume  has  been  corrected  for  tubing  com- 
pression-volume losses.  Any  computer  interfaced 
with  these  two  devices  would  have  to  deal  with 
these  supposedly  identical  data  in  two  different 
manners.  In  order  to  communicate  effectively,  we 
must  compare  apples  to  apples  and  oranges  to 
oranges.  The  sequence  of  variables  and  the  fonnat 
of  the  data  stream  must  be  carefully  detlned.  All  the 
units  used  should  be  the  same,  and  any  corrections 
should  be  consistent  throughout.  A  frustrating  fact 
has  been  that  some  medical  de\ice  manufacturers 
have  altered  the  structure  of  their  stream  of  digital 
infonnation  from  one  version  of  their  system  soft- 
ware to  another  version.  For  e.vample.  a  Puritan- 
Bennett  (P-B)  7200  \enlilator  that  has  a  pressure- 
control  option  installed  will  ha\e  a  different  data 
stream  from  a  P-B  7200  that  does  not  lia\e  that  op- 
tion. This  third  level  of  digital  communication — 
data  format — does  not  pose  a  tremendous  problem 


if  only  one  specific  ventilator  is  to  be  interfaced 
with  a  computer.  However,  if  more  than  one  t\  pe  of 
ventilator  is  used,  accommodating  all  the  different 
representations  of  data  can  be  overwhelming. 

Level  D:  Data  N'alidation 

The  fourth  level  of  digital  communication  is  val- 
idation of  the  data.  If  the  data  sent  from  the  ven- 
tilator are  not  \  alid.  then  it  is  impossible  to  transfer 
effective  respiratory  care  informaticMi  to  the  cli- 
nician. Validation  involves  checking  all  the  data  to 
make  sure  they  are  reasonable.  For  example,  tidal 
volumes  of  10  niL  probably  are  not  valid  and 
should  not  be  sent  from  the  ventilator.  This  level  of 
communication  is  essentially  missing  from  all  me- 
chanical ventilators  on  the  market  as  this  paper  is 
being  written  (early  1992). 

A  main  reason  that  data  are  sent  out  by  ven- 
tilators with  no  attempt  being  made  to  validate 
them  is  legal  liability.  Manufacturers  are  wonied 
that  if  their  devices  make  an  interpretation  of  data, 
they  can  be  potentially  liable  for  missing  data  or 
bad  data  that  in  some  way  harm  a  patient.  Although 
this  is  a  very  real  concern,  sending  non\alidated 
data  may  al.so  be  misleading  and  potentially  cause 
harm.  It  seems  that  tradition  has  dictated  that  it  is 
all  right  to  display  invalid  information  on  meters 
and  digital  displays,  and  that  therefore  this  is  the 
safest  legal  path.  We  will  never  have  successful 
electronic  communication  until  we  have  solved  this 
legal  issue.  There  is  no  doubt  that,  in  the  long  run. 
having  high  quality,  validated  data  is  in  the  pa- 
tient's best  interest. 

Level  E:  Representative  Data 

The  most  important  issue  for  medical  decision 
making  is  w  helher  the  data  are  representative  of  the 
patient's  state  (Fig.  3).  This  is  the  highest  level  of 
digital  communication.  Only  data  that  are  truly  rep- 
resentative should  be  sent  from  the  \entilator.  Fig- 
ure 4  illustrates  the  problem.  The  raw  data  supplied 
from  the  \entilator  at  10-second  intervals  have 
wide  variability.  There  is  also  an  immense  quantity 
of  information.  For  example,  we  obtained  about 
1.500.000  bytes  (characters)  of  data  from  a  P-B 
7200  ventilator  over  a  24-hour  period  for  one  pa- 
tient.   This    is   equivalent    to    approximately    one 
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fourth  the  length  of  the  Bible.  This  vast  amount  of 
data  det"initel\  prockiees  inlVirniation-oveiioad  tor 
the  clinician  at  the  bedside.  It  certainly  is  not  rea- 
sonable lo  jusi  dump  all  these  data  on  clinicians  and 
expecl  them  [o  nse  the  mlorination  eHecli\el_v. 


Representative? 

Data  Validity 


Data  Format 
Handshaking 

Hardware 


Fig.  3.  The  relative  impact  of  the  five  levels  of  digital 
communication  on  medical  decision  making. 

The  data  m  Figure  4  were  validated  and  repre- 
sent actual  patient  events.  Very  few  of  the.se  fluc- 
tuations are  charted  at  present  in  the  manually  kept 
patient  record.  This  raises  questions:  What  is  im- 
portant to  record?  How  often  should  data  be  re- 
corded? What  constitutes  an  artifact?  How  can  you 
tell  what  is  a  significant  event?  We  presented  a  col- 
lection of  graphical  raw  data  recordings  to  res- 
piratory   therapists,    physicians,    and    nurses — and 


asked  them  to  identify  what  they  felt  were  im- 
portant events  that  needed  lo  be  charted.  Not  sur- 
prisingly, the  most  common  answer  was  to  chart 
e\eiy  2  hours  because  this  was  the  clinical  jiractice. 
As  we  probed  past  this  automatic  response,  we 
found  that  the  answers  varied  widely.  Nearly  every- 
one agreed  that  all  changes  in  ventilator  settings 
should  be  charted.  However,  deciding  which  meas- 
ured variables  to  record  was  more  difficult.  What 
were  lacking  were  agreed-upon  definitions  of  ar- 
tifact and  significant  e\ent. 

In  Figure  4.  much  of  the  data  in  the  raw  signal 
would  be  considered  artifactual  by  most  clinicians. 
But.  again,  how  is  artifact  defined'!'  One  leading 
dictionary  lists  six  different  meanings,  including 
these  three:  ( I )  "a  handmade  object,  as  a  tool,  or 
the  remains  of  one,  as  a  shard  of  pottery,  character- 
istic of  an  earlier  time  or  cultural  stage,  esp.  such 
an  object  found  at  an  archaettlogieal  excavation," 
(2)  "a  spurious  observation  or  result  arising  from 
preparatory  or  investigative  procedures,""  and  (3) 
"any  featine  that  is  not  naturally  present  but  is  a 
product  of  an  extrinsic  agent,  method,  or  the  like."- 
Whereas  the  first  of  these  definitions  is  probably 
the  most  familiar  to  the  layperson,  the  second  and 
third  definitions  are  nearer  the  sense  of  artifact  as  it 
is  used  in  describing  or  discussing  the  phenomenon 
in  digital  communication.  Still,  differences  exist  in 
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Fig.  4.  An  example  of  tidal-volume 
data  collected  from  a  ventilator  at  10- 
second  intervals.  The  effect  of  fil- 
tering with  a  LOESS  filter  is  shown, 
and  only  the  significant  events  are 
stored  in  the  patient  record.  Raw  data 
are  indicated  by  verticle  dashed  lines, 
filtered  data  (LOESS  filter)  by  heavy 
black  line.  A  =  significant  events:  Q  = 
manually  charted. 
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use  of  the  term.  One  of  the  issues  is  the  perspective 
of  the  observer.  For  example,  an  engineer  de- 
signing a  ventilator  would  consider  an  artifact  to  be 
anything  that  made  the  measured  variable  in- 
accurate, whereas  a  clinician  would  also  include  in 
his  definition  of  artifact  those  values  that  were  ac- 
curately measured  but  did  not  represent  the  true 
state  of  the  patient. 

The  definition  of  what  constitutes  an  artifact  var- 
ies widely  among  clinicians.  When  asked  for  a  spe- 
cific definition,  the  clinician  will  typically  ask 
about  the  specifics  of  the  case  and  patient  history. 
If  this  is  any  indication,  then  the  definition  of  arti- 
fact must  depend  on  the  disease-patient  complex 
and  will  vary  not  only  among  individual  patients 
but  also  throughout  the  course  of  the  di.sease.  If  this 
is  true,  then  a  clear  definition  of  artifact  may  be 
very  difficult  to  settle  upon.  Certainly,  as  men- 
tioned above,  a  universally  satisfactory  and  useful 
definition  of  artifact  is  lacking,  and  agreement  may 
be  as  precious  and  difficult  to  find  as  artifacts  from 
ancient  Egyptian  tombs. 

Similar  problems  exist  with  definitions  of  a  sig- 
nificant event.  The  problem  that  we  encountered 
with  defining  a  significant  event  was  the  end  point 
chosen.  If  one  chooses  patient  outcome  as  the  end 
point,  then  only  events  that  affect  patient  outcoine 
are  considered  significant.  Obviously,  patient  out- 
come is  far  too  extreme  an  end  point.  There  are  no 
data  in  the  literature  to  support  a  definition  of  what 
events  have  significant  impact  on  patient  outcome. 
What  it  boils  down  to  is  an  educated  guess  as  to 
what  amount  of  change  in  a  particular  variable 
could  potentially  affect  the  patient  significantly.  An 
argument  could  be  made  for  adjustable  definitions 
of  significance,  depending  on  the  patient's  status. 
For  example,  the  critically  ill  patient  with  the  adult 
respiratory  distress  syndrome  might  be  exquisitely 
sensitive  to  changes  in  mean  airway  pressure, 
whereas  the  average  postsurgical  patient  does  well 
no  matter  what  the  mean  airway  pressure  is. 

A  different  perspective  on  this  issue  is  the  legal 
one.  We  have  sought  our  lawyers"  opinions  on  how 
often  we  need  to  collect  data  to  have  a  good  legal 
record.  The  answer  was  circuitous,  at  best.  They 
implied  that  we  should  collect  data  at  the  interval 
proven  to  be  adequate.  Inasmuch  as  an  adequate  in- 
terval has  never  been  specified  or  proven,  the  next 
best  thine  would  be  to  collect  data  at  the  same  rate 


that  everyone  else  does.  The  lawyers  added  the  ca- 
veat that  respiratory  care  practitioners  should  col- 
lect only  data  that  they  are  prepared  to  act  upon. 
Fetal  monitoring  is  a  good  example  of  a  situation  in 
which  it  has  been  easy  to  collect  large  amounts  of 
data,  but  if  the  obstetrician  has  not  acted  upon  the 
data,  he  has  been  found  to  be  liable.  In  some  ways, 
from  a  legal  perspective,  if  we  are  not  prepared  to 
act  upon  data  more  frequently  than  every  2  hours,  it 
may  be  better  to  "stick  our  heads  in  the  sand"  and 
pretend  that  nothing  happens  between  those  2-hour 
ventilator  checks. 

One  way  to  deal  with  definitions  of  artifact  and 
significant  event  is  to  force  the  clinician  at  the  bed- 
side to  make  the  decision.  This  is  what  is  currently 
being  done  in  many  ICUs  that  have  computer  sys- 
tems interfaced  with  ventilators.  All  data  from  the 
ventilators  are  collected  at  fixed  intervals  and  dis- 
played, either  in  graphs  or  in  tabular  form.  The  cli- 
nician is  asked  to  retrospectively  pick  the  valid,  ar- 
tifact-free, significant  events  for  charting.  We 
duplicated  this  procedure  in  our  study  by  asking  the 
clinicians  to  circle  the  points  in  the  raw  data  that 
they  felt  should  be  charted.  There  was  good  agree- 
ment in  the  points  chosen  for  ventilator  settings; 
however,  the  measured  datapoints  chosen  by  each 
individual  varied  widely.  It  is  understandable  from 
a  legal  perspecti\e  that  manufacturers  do  not  want 
to  be  involved  in  making  the  decision  as  to  what  is 
artifact;  however,  it  is  unrealistic  to  expect  a  person 
at  the  bedside,  who  was  not  in  the  room  when  the 
data  were  generated,  to  retrospectively  pick  out  the 
■good"  data  from  amongst  all  the  noise.  A  slightly 
different  version  of  this  technique  is  to  store  auto- 
matically acquired  data  when  someone  in  the  room 
signals,  by  pressing  a  key,  that  the  patient  is  in  a 
representative  state.  This  works  well  for  the  periods 
when  someone  is  at  the  bedside:  however,  what 
should  be  done  with  all  the  data  from  times  when 
no  one  is  in  the  room?  Should  they  just  be  ignored? 
Much  of  the  research  needed  to  answer  these  dif- 
ficult questions  remains  to  be  done.  No  ventilators 
currently  make  any  attempt  to  send  only  "repre- 
sentative"" data. 

Current  Status 

Digital  communication  in  most  modern  ICU 
ventilators  is  provided  at  Level  A  (hardware)  and 
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Level  B  (handshaking  between  devices).  However, 
it  is  not  often  easy  to  accomplish  even  these  levels. 
No  standard  exists  tor  representation  of  data  (Level 
C ),  and  no  ventilator  vendors  currently  provide  any 
support  for  data  validation  and  checking  repre- 
sentativeness, the  two  highest  levels  of  digital  com- 
munication. 

Several  systems  are  commercially  available  to 
interface  with  selected  ventilators.  Puritan-Ben- 
nett's Clini vision  product  interfaces  directly  with 
their  7200  ventilator.  Various  ICU  computer  sys- 
tems have  developed  interfaces  for  the  Puritan- 
Bennett  7200,  the  Siemens  900C  and  990  Servo 
computer  module,  the  Hamilton  Amadeus  and  Ve- 
olar,  the  Bear  5.  and  other  ventilators  that  provide 
digital  communication  ports.  These  are  typically 
custom  interfaces  that  are  matched  to  specific  ven- 
tilators. These  custom  interfaces  can  be  expensive 
and  difficult  to  maintain.  This  means  that  if  you 
happen  to  have  a  computer  system  in  your  hospital 
and  want  to  connect  your  ventilators  to  it.  most 
likely  you  will  have  to  spend  a  great  deal  of  time 
and  money  to  do  so.  With  only  about  20  new  in- 
stallations of  ICU  computer  systems  in  1991  in  the 
more  than  5,000  ICUs  in  the  United  States,''  a  lot  of 
ICUs  that  use  modem  ventilators  do  not  have  com- 
puter systems.  Many  ventilators,  therefore,  have 
idle  digital  communication  ports. 

In  some  research  systems,  ventilators  have  been 
successfully  interfaced  with  computers.  Shabot  et 
al  at  Cedars-Sinai  in  Los  Angeles  have  interfaced 
their  Hewlett-Packard  ICU  computer  with  the  P-B 
7200  ventilator.''-''  In  that  system,  data  are  sent  from 
the  ventilator  only  when  the  clinician  at  the  bedside 
pushes  a  button  or  when  a  ventilator  setting  has 
been  changed.  Our  group  has  set  up  research  sys- 
tems at  LDS  Hospital  in  Salt  Lake  City  that  inter- 
face computers  with  the  Siemens  900C  and  900i 
ventilators,''''  as  well  as  with  the  Hamilton  Ama- 
deus and  Puritan-Bennett  7200  ventilators. 

To  facilitate  data  acquisition  from  a  wide  variety 
of  medical  devices,  a  standardized  medical  in- 
formation bus  (MIB)  has  been  proposed.''  The  MIB 
provides  a  local  area  network  (LAN)  around  the  pa- 
tient that  can  be  interfaced  with  all  bedside  devices 
and  that  allows  data  from  each  device  to  be  stored 
in  a  central  database  in  a  standard  format.'""''^  The 
MIB  is  being  standardized  by  the  Institute  of  Elec- 
trical and  Electronic  Engineers  (IEEE,  New  York 


City  NY)  so  that  all  hospitals  and  vendors  can  have 
a  common  data  format  and  so  that  their  computers 
can  easily  communicate  with  many  bedside  de- 
vices.'' The  MIB  handles  issues  unique  to  medical 
data  communications,  such  as  automatic  recogni- 
tion of  new  devices  placed  at  the  bedside,  auto- 
matic reconfiguration  of  the  network,  and  associa- 
tion of  a  device  with  a  particular  patient's  bedside."* 
Unfortunately,  the  currently  proposed  MIB  stan- 
dard does  not  include  standards  for  digital  com- 
munication at  Levels  D  and  E  (artifact  rejection 
and  significant-event  identification).''''''  Com- 
paring Figures  1  and  3,  it  is  ironic  that  the  largest 
amount  of  effort  has  been  spent  on  standardizing 
digital  communication  at  Levels  A  and  B  (hard- 
ware and  handshaking),  which  are  the  least  im- 
portant to  medical  decision  making. 

A  preliminary  version  of  the  MIB  was  installed 
at  the  520-bed  LDS  Hospital  in  1986  and  was  con- 
nected to  the  HELP  system.''"^  The  HELP  (Health 
Evaluation  through  Logical  Processing)  hospital  in- 
formation system,"*'--  which  has  been  developed 
over  a  30-year  period,  runs  on  a  system  of  1 2  com- 
puter fault-tolerant  processors  in  tandem,  using  the 
Guardian  Operating  System.  The  system  is  fault- 
tolerant  in  that  no  one  system  problem  is  sufficient 
to  halt  system  operation.  This  feature  provides  the 
system  with  excellent  availability  (it  is  up  99.75% 
of  the  time).  Program  files  and  patient  data  are 
stored  on  14  disk  drives.  The  8  drives  currently 
used  for  clinical  purposes  store  2.4  gigabytes  of 
data,  while  the  6  drives  used  for  research  hold  8.8 
gigabytes. 

The  clinical  drives  are  mirrored  (ie,  two  drives 
hold  the  same  data),  virtually  eliminating  the  pos- 
sibility of  data  loss  by  hardware  failure.  When  ac- 
cessing data  from  one  of  the  mirrored  drives,  the 
system  retrieves  the  data  from  the  drive  that  has  its 
'read  head'  closest  to  the  data,  which  minimizes 
data-retrieval  time.  Eighteen  Charles  River  Data 
Systems  (CRDS),  UNIX-based  minicomputers  are 
interfaced  with  the  HELP  system.  The  CRDS  ma- 
chines serve  as  multiplexes  and  preprocessors  for 
terminals  on  the  nursing  divisions,  in  Surgery,  in 
the  Pulmonary  Division,  and  in  the  Medical  In- 
formatics Department.  A  total  of  1,100  terminals 
and  200  laser  printers  are  currently  active  through- 
out the  hospital.  About  half  of  these  are  connected 
directly  to  the  tandem  computer;  the  other  half  are 
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connected  via  CRDS  machines.  All  beds  are  fully 
computerized  and  have  terminals  at  each  bedside  as 
well  as  at  the  nursing  station.  A  version  of  the  MIB 
links  many  of  the  medical  devices  in  ihe  ICL's  di- 
recth  to  the  HELP  s\stcm  (Fia.  5). 


Table  3.    Definitions  of  Significant  Events 
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Computer 
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Fig.  5.  The  medical  information  bus  (MIB)  at  LDS  Hos- 
pital. A  bedside  network  connecting  many  medical  de- 
vices is  in  turn  connected  to  a  local  network  in  the  ICU 
and  to  the  hospital  information  system.  MCC  =  Master 
Communications  Controller:  DCC  =  Device  Communica- 
tions Controller. 

An  MIB  interface  for  \entilators  has  been  con- 
structed at  the  LDS  Hospital.''  We  recently  com- 
pleted .studies  investigating  techniques  for  iden- 
tifying artifacts  and  significant  events,  in  which 
data  were  collected  for  617  hours  from  10  patients 
ventilated  by  Puritan-Bennett  7200  ventilators. 
Data  from  the  ventilators  were  sampled  at  10- 
second  intervals  and  stored  in  a  research  database. 
This  large  database  was  then  used  to  examine  six 
different  filters  designed  to  eliniinatc  artil'act:  ( I )  a 
mo\ing-a\crage  filter.  (2)  a  nio\  mg-nicdian  filler. 
{}  and  4)  tuo  different  exponcnlially  weighted 
moving-average  filters.  {5)  a  LOH.S.S  (a  ixibusi  lo- 
cally weighted  regression  technique)  filter,-'  and 
(6)  a  moving-LOESS  filter.  Significant  events  were 
identified  as  values  above  a  defined  threshold  (Ta- 
ble .^)  for  a  critical  period  o(  tune  (T,,„).  Two  dif- 
ferent Tail  times  were  used:  1  and  3  minutes.  The 
output  from  each  of  the.se  algorithms  (a  combina- 
tion of  a  filter  and  a  significant-event  definition) 
was  compared  with  the  concurrent  maiuuilK  chart- 
ed data  in  the  HELP  system. 

Some  differences  existed  bcluccn  \cniilaior  set- 
tings charted  b\  respiratory  care  practitioners 
(RCPs)  and  those  charted  b>  the  MIB.  The  error 
rate  for  manual  chartinu  of  \entilator  settings  was 


MIB  Variable 


Thresholds 


Mode  setting 
VR*  setting 

Vt  setting 

Peak  inspirators  How 

Fio:  setting 

Trigger  sensitivit>  setting 

PEEP  setting 

Plateau  setting 

Pressure  support  setting 

Flow-by  setting 

Flow-by  sensitivity  setting 

Ppcak 


"plateau 

I:E 

Spontaneous  Vj 

Machine  Vj 
Spontaneous  VR 

Machine  VR 


Every  change  lasting  >  }  minutes 
Every  change  lasting  >  3  minutes 
Every  change  lasting  >  3  minutes 
Every  change  lasting  >  3  minutes 
Every  change  lasting  >  3  minutes 
Every  change  lasting  >  3  minutes 
Every  change  lasting  >  3  minutes 
Every  change  lasting  >  3  minutes 
Every  change  lasting  >  3  minutes 
Every  change  lasting  >  3  minutes 
Every  change  lasting  >  3  minutes 
(Change  >  10  cm  H;0)  and  (3  < 
Ppcak  <  120  cm  H:0)(ind  1  min 
after  ventilator  mode  was 
changed 

(Change  >  5  cm  H:0)  and  (3  < 
Pav.  <  120  cm  H:0)  and  1  min  af- 
ter ventilator  mode  was  changed 

(change  >  5  cm  H:0)  ihk/  (3  < 

Pplaieau  <  120  cm  H;Ol  dlhl  I  min 
after  ventilator  mode  was 
changed 

(%  change  >  25'^)  and  1  min  af- 
ter ventilator  mode  was  changed 
(^r  change  >  10%)  «;?(/  (change 

>  100  niL)  and  ( 100  <  spontane- 
ous Vj  <  2,s00  mLl  cnid  I  min  af- 
ter ventilator  mode  was  changed 
(%  change  >  \09c)  and  (change 

>  50  mL)  and  (  KM)  <  machine  Vt 
<  2.500  mL)  and  1  min  after  ven- 
tilator mode  was  changed 

('7c  change  >  10*7^)  and  (change 

>  5  breaths/min)  and  (0.5  <  spon- 
taneous VR  <  70  breaths/min) 
and  1  min  after  \cnlilalor  mode 
was  changed 

(9c  change  >  lO'^r )  and  (change 

>  2  breaths/min)  and  (0.5  <  ma- 
chine VR  <  70  breaths/min)  and 
1  min  after  ventilator  mode  was 
changed 


*VR  =  vemilatorv  rate. 


3%.  By  careful  screening,  we  found  that  most  of 
the  difference  came  from  (  I  i  RCPs'  back-charting 
with  the  wrong  time-stamp,  and  (2)  the  time  delay 
of  the  automated  chartim;  algorithms  ( 1  ntinute  for 
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Tcni  =  I  mill,  and  3  minutes  for  T,ni  =  3  min).  RCPs 
tended  to  enter  data  and  to  stamp  the  time  at  w  liich 
they  thought  the  events  occurred.  Occasionally  this 
time-stamp  was  in  error.  The  error  rate  for  manual 
charting  of  ventilator  settings  was  reduced  to  \'7c  if 
ail  errors  caused  by  back-chailing  were  neglected. 

Figure  4  shows  an  example  of  the  tidal-volume 
data  collected  during  this  study.  The  raw  data  con- 
tained a  lot  of  'noise'  and  artifact.  In  general,  all 
the  filtering  algorithms  helped  to  reduce  artifact, 
with  the  LOESS  filter  performing  best,  although  it 
has  the  disadvantage  that  it  requires  much  more 
computer  time  than  a  simple  moving-median  filter. 
The  moving-median  filter  seemed  to  be  the  best 
choice  because  it  did  not  follow  transient  events 
and  was  relatively  simple  to  implement.  There 
were  large  differences  between  numbers  of  events 
deemed  "significant"  by  the  algorithm  and  those 
charted  manually.  Two  main  differences  were  ob- 
served: ( 1 )  the  RCPs  did  not  chart  what  occurred 
when  they  were  out  of  the  room,  and  (2)  when  they 
did  chart,  they  typically  just  'took  a  snapshot"  for  a 
few  seconds  as  they  were  working  on  the  ven- 
tilator, which  may  not  have  been  representative  of 
the  patient  in  the  larger  context. 

Patient  Outcome 


justify  them  is  by  a  reduced  requirement  for  em- 
ployees. 11  these  systems  do  save  the  clinician  time 
but  there  now  are  fewer  clinicians,  then  the  net 
time  spent  with  the  patient  may  be  the  same  or  less, 
in  general,  it  is  assumed  by  most  that  higher  qual- 
ity, more  timely  charting  of  respiratory  care  data 
would  improve  the  quality  of  care;  however,  this 
remains  to  be  proven. 

The  Future 

If  digital  electronic  communication  with  me- 
chanical ventilators  is  to  become  a  routine  part  of 
clinical  care,  we  must  standardize  all  five  levels  of 
digital  communication  with  these  devices.  A  stan- 
dard, such  as  the  MIB.  must  be  adopted  to  make  it 
easy  to  physically  connect  the  devices.  In  addition, 
we  need  more  research  into  the  elusive  definitions 
of  artifact  and  significant  events.  In  the  next  10 
years,  the  respiratory  care  community  must  take  an 
active  part  in  this  process  of  standardization.  With- 
out clinical  input,  the  standardization  process  is 
doomed  to  failure  from  the  beginning.  Our  vision  is 
that  one  day,  connecting  your  ventilator  to  your 
computer  will  be  as  simple  as  plugging  in  a  tele- 
phone, and  that  the  data  will  be  \alid  and  repre- 
sentative of  the  patient's  true  condition. 


There  are  few  data  on  the  impact  of  an  auto- 
mated respiratory  care  data-acquisition  system  on 
patient  outcome.  In  our  recent  study  (unpublished), 
we  found  that  we  could  reduce  ventilator-setting 
charting  errors  from  about  37c  to  nearly  zero.  For 
measured  variables,  the  automated  charting  found 
significant  events  that  had  previously  been  un- 
detected. However,  there  are  no  data  about  what 
impact  these  results  might  have  on  patient  care. 
Automation  of  other  areas  of  the  patient  record  has 
been  shown  to  improve  the  quality  of  the  data  and 
to  reduce  the  amount  of  time  spent  on  charting;-'' 
Andrews  et  al  reported  an  18%  increase  in  res- 
piratory care  department  productivity  with  use  of  a 
computerized  charting  system.-^  However,  Brad- 
shaw  et  al  showed  that  nurses'  time  in  direct  pa- 
tient contact  had  decreased  with  use  of  computer- 
based  data  entry  in  the  ICU.'^*  Perhaps  part  of  the 
problem  is  that  computerized  systems  to  chart  res- 
piratory care  data  are  expensive,  and  one  way  to 


Summary  and  Recommendations 

Although  many  modem  ICU  ventilators  offer 
the  option  of  electronic  communication,  most  of 
these  systems  are  not  used  because  there  is  a  huge 
communication  gap  between  the  ventilator  and  the 
computer  it  might  be  connected  to.  When  such  sys- 
tems are  now  used,  a  large  part  of  what  is  com- 
municated is  artifactual  and  misleading.  We  need 
to  overcome  both  legal  and  knowledge  barriers  in 
the  effort  to  provide  seamless  communication  be- 
tween ventilators  and  computers.  With  regard  to 
the  specific  issues  raised  in  this  paper,  here  are  our 
answers. 

Issue  #1:  Is  it  essential  to  ha\e  a  digital  electronic 
communication  port  on  an  ICU  ventilator? 

Answer:  No.  it  is  not  essential.  The  purpose  of  the 
mechanical  ventilator  is  to  support  pulmonary  ven- 
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tilation  by  supplying  gas  and  pressure.  There  is  no 
vital  role  tor  digital  communication  in  the  gas- 
delivery  function  of  the  ventilator;  however,  in  the 
future  it  will  be  essential  to  have  effective  elec- 
tronic communication  in  order  to  guarantee  ac- 
curate and  timely  charting. 

Issue  #2:  What  impact  does  electronic  communica- 
tion between  a  ventilator  and  a  computer  have  on 
patient  outcome? 

Answer:  Our  preliminary  data  show  that  electronic 
communication  can  reduce  the  number  of  charting 
errors  and  can  improve  the  timeliness  of  data  entry. 
However,  there  is  little  evidence,  other  than  anec- 
dotal, that  this  has  any  impact  on  patient  outcome. 
Automated  charting  has  been  shown  to  reduce  the 
time  spent  on  charting.-^  This  time-savings  could 
be  used  to  increase  time  spent  in  direct  patient  care, 
but  there  is  no  conclusive  evidence  that  this  occurs. 
In  fact,  one  report  on  computerized  charting  sys- 
tems indicates  that  the  result  is  less  time  spent  in 
direct  patient  care."* 

Issue  #3:  If  electronic  communication  is  to  be  ef- 
fective in  the  future,  how  should  these  interfaces  be 
configured  for  mechanical  ventilation? 

Answer:  We  recommend  an  optimal  algorithm  for 
automated  respiratory  care  charting  that  has  been 
suggested.''' 

•  Sampling  frequency:  Sample  data  from  the 
ventilator  every  10  seconds. 

•  Ventilator-setting  changes:  Report  every 
new  setting  if  change  lasts  more  than  3  min- 
utes. 

•  Measured  respiratory  care  data: 

•  Filter  raw  MlB-collected  data  with  a  3- 
minute  inoving-median  fdter. 

•  Report  one  filtered  value  e\ery  hour  for 
each  variable. 

•  In  addition,  use  a  threshold  table  (Table 
3)  to  define  significant  events. 

•  Report  changes  that  remain  above  thresh- 
old more  than  3  minutes. 

•  Report  all  measured  respiratory-care  data 


I   mmutc 

changes. 


following  anv  ventilator-mode 
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WHAT  CONSTITUTES  AN  ORDER.' 


Wliat  Constitutes  an  Order  for  Mechanical  Ventilation, 
and  Who  Should  Gi\'e  The  Order? 

na\i(lj  Pierson  MD 

I.  Introduction 

II.  Requirements  for  Successful  Mechanical  Ventilation 

III.  What  Needs  To  Be  Decided? 

I\  .  Who  Should  Decide? 

V.  Ventilator  Settings  or  Outcomes? 

VI.  Protocol-Driven  Ventilator  Management 

VII.  Conclusions  and  Recommendations 


Introduction 

The  organizers  of  this  conference  included  a  dis- 
cussion of  ventilator  orders,  despite  the  fact  that 
this  subject  does  not  at  first  seem  necessary  to  a 
consideration  of  the  essential  features  and  de- 
scriptions of  the  machines  themselves.  Such  a  de- 
cision v\as  wise  because  of  the  increasing  complex- 
ity and  enhanced  mechanical  capabilities  of  today's 
ventilators,  and  their  potential  to  cause  unnecessary 
patient  discomfort,  if  not  life-threatening  harm.  To 
my  knowledge,  however,  there  are  no  previous 
generally  available  publications  on  ventilator  or- 
ders, in  contrast  to  the  extensive  literature  on  cur- 
rent ventilator  modes  and  their  clinical  applica- 
tion.' " 

Nonetheless,  the  (.|uestions  posed  in  the  title  of 
this  paper  must  be  answered  each  time  a  patient  is 
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placed  on  a  ventilator.  Lacking  readily  available 
data  or  the  advice  of  experts.  I  first  review  several 
factors  that  affect  how  one  orders  and  carries  out 
mechanical  ventilation,  discuss  the  implications  of 
these  factors  for  who  should  be  gi\ing  such  orders 
and  carrying  out  such  management,  and  then  de- 
velop several  recommendations  based  on  the  needs 
of  effective,  safe  patient  management  in  the  context 
of  today's  high-capability  ventilators. 

Requirements  for  Successful 
Mechanical  \  entilation 

Successful  application  of  ventilatory  support  is  a 
complex,  integrated  process  extending  far  bevond 
the  selection  of  initial  ventilator  settings  (Table  1). 
Management  of  a  patient  with  severe  chronic  ob- 
structive pulmonary  disease  (COPD)  following  a 
lobectomy  for  lung  cancer  is  very  different  from 
the  care  of  a  previously  healthy  victim  of  multiple 
trauma  who  has  developed  muhipic  organ  sy.stems 
dysfunction  and  the  adult  respiratory  distress  syn- 
drome (ARDS).  Even  in  a  given  clinical  setting, 
physicians  usually  have  .several  quite  different 
management  approaches  from  which  to  choose — 
eg.  whether  to  minimize  lung  water  or  maximize 
peripheral  oxygen  delivery  in  the  second  patient 
just  mentioned.  Thus,  it  is  important  that  ventilator 
management  begin  with  accurate  patient  assess- 
ment and  a  clear  overall  treatment  plan,  as  shown 
in  the  table. 
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Table  1.    Requirements  for  Successful  Ventilator  Management 

Appropriate  diagnosis  and  patient  assessment 
Presence  of  a  consistent,  overall  treatment  plan 
The  ventilator 
Capabilities 

Design  features 

Appropriateness  for  clinical  setting 
Condition 

Setup  and  readiness  for  use 
Maintenance 
Repair 
Orders  for  ventilator  management 

Decision  making:  How  ventilator  is  to  be  used 
Communication:  Instructions  to  users 
Ventilator  operation 

Implementation  of  orders  by  users 
Documentation  (medical,  financial,  legal) 
Intent:  Orders  for  ventilator  management 
Actual  use:  Charting  during  ventilator  operation 
Clinical  assessment  and  monitoring 

Physiologic  effects  of  ventilator  management 
Patient  outcomes 


Cuirently  available  ventilators  vary  greatly  in  ca- 
pability and  suitability  for  different  clinical  situa- 
tions. Use  of  an  inexpensive  home-care  ventilator  in 
the  intensive  care  unit  (ICU)  might  be  appropriate 
for  a  patient  with  stable  Guillain-Barre  syndrome, 
but  would  be  inappropriate  in  weaning  a  patient 
with  COPD  via  synchronized  intennittent  man- 
datory ventilation  (SIMV)  after  a  prolonged  bout  of 
acute  respiratory  failure.  Similarly,  a  top-of-the- 
line,  $30,000  ICU  ventilator  would  provide  several 
advantages  in  managing  a  patient  with  severe 
ARDS,  whose  total  respiratory  system  compliance 
was  15  tnL/cm  H^O  and  minute  ventilation  25  L/ 
min,  but  might  be  hard  to  justify  economically  for 
routine  short-term  postoperative  management  of  pa- 
tients with  nortnal  lungs.  Correct  setup,  main- 
tenance, and  repair  of  the  ventilator  are  also  of  obvi- 
ous importance  whatever  its  clinical  application. 

Orders  for  mechanical  ventilation  reflect  the  cli- 
nician's decision-making  process  and  designate  how 
the  ventilator  is  to  be  used.  The  decisions  must  also 
be  communicated  clearly  and  precisely  via  the  ven- 
tilator order,  both  for  those  actually  operating  the 
ventilator  and  for  others  involved  in  the  patient's 
care. 

Documentation  has  become  increasingly  im- 
portant in  health  care,  and  nowhere  is  this  more  ev- 


ident than  in  the  ICU.  In  addition  to  the  traditional 
function  of  creating  a  tnedical  record  for  current  and 
future  providers  of  the  patient's  care,  the  clinician's 
documentation  now  serves  as  the  basis  for  re- 
imbursement and  other  financial  functions,  and  it  is 
on  the  quality  and  quantity  of  documentation  that  the 
outcome  of  any  legal  action  related  to  ventilator 
managetnent  will  rest.  Both  intent  (eg,  the  ventilator 
orders)  and  actual  use  (as  reflected  by  charting  dur- 
ing ventilator  operation)  are  components  of  the  doc- 
umentation of  ventilator  care. 

Finally,  successful  management  depends  on  ap- 
propriate assessment  and  monitoring  of  the  patient, 
not  just  the  machinery.  This  includes  both  physi- 
ology, acute  pathology,  and  more  global  outcotne 
measures. 

What  Needs  To  Be  Decided? 

Ventilator  orders  require  first  that  decisions  be 
made  about  how  the  ventilator  is  to  be  used  in  pa- 
tient management:  these  decisions  must  be  com- 
municated to  others  participating  in  the  patient's 
care;  and  the  whole  process  needs  to  be  doc- 
umented as  described  above.  What  decisions  need 
to  be  included  in  the  orders?  Especially  in  critically 
ill  patients  with  severe  respiratory  dysfunction, 
ventilator  tnanagement  is  an  extremely  cotnplex 
operation,  made  increasingly  tnore  so  with  each 
new  advance  in  ventilator  design  and  with  the  in- 
troduction of  each  new  ventilator  tnode. 

This  complexity  can  be  appreciated  by  cotn- 
paring  the  ventilators  clinicians  use  today  with 
those  etnployed  for  the  satne  purposes  a  generation 
ago.  In  the  early  1970s,  volutiie-limited  ventilation 
was  still  largely  unavailable  in  many  institutions, 
and  most  patients  requiring  ventilatory  support 
were  managed  with  pressure-limited  machines  such 
as  the  Bird  Mark  14  and  the  Bennett  PR-2. 

Table  2  lists  the  different  functions  that  could  be 
included  in  ventilator  orders  using  the  PR-2.  To- 
day's ICU  ventilators  are  vastly  tnore  complex,  as 
illustrated  in  Table  3  for  the  Siemens  Servo  900C. 
In  contrast  to  the  5  settings  and  single  alarm  of  the 
PR-2.  the  900C  has  18  controls  and  settings,  plus 
14  monitors  and  alamis  that  can  be  adjusted  by  the 
clinician.  In  addition,  circuit  compressible  volume 
plus  humidification  and  heating  of  the  inspired  gas 
mixture  have  to  be  accounted  for  and  adjusted.  Sel- 
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Table  2.  Ventilator  Orders  1972:  Components  in  the  Bennen  PR-2 

Controls  and  Settings 
Inspiratory  pressure 
Inspiratory  time 
Expiratory  time 
Triggering  sensitivity 
Air-oxygen  mix 

Monitors  and  Alarms 
Patient  disconnect  (lov\  pressure) 

dom  are  all  of  these  functions  mentioned  in- 
dividually in  ventilator  orders,  but  all  of  them  must 
be  set  by  soiiieoiw  each  time  a  patient  is  placed  on 
the  ventilator,  and  any  one  of  them  can  substantially 
affect  the  patient's  care. 

Tabic  ,^.   Vcniilalor  Orders  1992:  Components  in  the  .Siemens 
Servo  900 

Controls  and  Settings 
Mode 

Brcaths/minule 

Inspiraliirs  lime 

Pause-time  breath 

SIMV  breaths/minute 

Low/high  rate 

Working  pressure 

PEEP 

Inspiratory  pressure  level 

Upper  pressure  limit 

Inspiratory  flow  pattern 

Triggering  sensitivity 

Fio:  (O:  mixer) 

FiO:  high-limit  alarm 

F102  low-limit  alarm 

Minute  ventilation  high  limit  alarm 

Minute  \entilalion  low-limit  alarm 

Aduil/inlanl  range 

Monitors  and  Alarms 
Peak  airway  pressure 
Miimiumi  airway  pressure 
Mean  airway  pressure 
Delivered  volume/breath 
Delivered  volume/minute 
Exhaled  volume/breath 
Exhaled  volume/minute 
Brealhs/minute:  Ventilator 
Breaths/minute:  Patient 
Breaths/minute:  Total 
Percent  ()::  Set 
Percent  ()::  Delivered 
Electrical  power  supply 
Gas  supply 


Who  Should  Decide? 

In  most  patient  care  settings,  it  has  traditionally 
been  the  physician  who  makes  important  man- 
agement decisions.  The  physician  decides  whether 
to  administer  medication,  selects  the  drug  to  be 
u.sed.  and  determines  the  dose  and  schedule.  In  the 
past,  it  lias  ustiall\  been  liic  same  uith  \entiiator 
orders.  However,  the  increasing  complexity  of 
ventilators  and  their  use.  and  the  emergence  of  the 
respiratory  care  practitioner,  a  health-care  team- 
member  who  is  specifically  trained  in  ventilator 
management,  have  dramatically  changed  this  situa- 
tion in  the  United  States.  Today,  in  many  cases,  the 
ordering  physician  is  unfamiliar  with  the  features 
of  the  ventilator  being  used  on  his  or  her  patient, 
and  even  specialists  in  pulmonary  and  critical  care 
medicine  may  not  be  comfortable  adjusting  all  the 
items  listed  in  Table  3.  The  respiratory  care  practi- 
tioner, on  the  other  hand,  know s  the  \entilator  thor- 
oughly, but  may  or  ma\  not  ha\e  an  appropriate 
understanding  of  its  rt)ie  in  the  patient's  overall 
management. 

What  aspects  of  mechanical  ventilation  should 
be  ordered  by  a  physician,  and  which  by  a  res- 
piratory care  practitioner  or  other  nonphysician? 
Consider  the  follow  ing  list: 

Mode  (ie.  assist/control  \  s  SIMV  vs 
pressure  control  ventilation) 

Full  vs  partial  ventilatory  support 

PEEP 

Inspirator)  pressure 

Tidal  \(iliune 

Fio: 

Inspiration-expiration  ratio 

Inspiratory  pressure  waveform 

Alarms 

Initiation  of  weaning 

Extubatit)n 

Should  these  \  ariables  be  chosen  by  a  ph\'sician 
or  by  a  respiratory  therapist'.'  If  they  should  be  de- 
cided only  by  a  physician,  then  which  physician? 
Often,  patients  are  admitted  b\  their  personal  phy- 
sicians— general  practitioners  or  specialists  from  a 
wide  variety  of  disciplines — and  seen  in  consulta- 
tion by  other  physicians  specializing  in  respiratory 
care-related  fields.  Should  the  latter  be  intensivists 
or  pulmtmologists  or  anesthesiokigists?  And.  if  res- 
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piratory  care  practitioners  are  to  manage  all  or 
some  aspects  of  ventilator  care,  what  credentials 
should  they  have?  Should  they  be  registered 
(RRT).  or  certified  (CRTT).  or  specially  qualified 
in  some  other  way?  What  about  physician's  assist- 
ants, nurses,  physical  therapists,  and  clinical  en- 
gineers? 

Should  the  person  managing  mechanical  ventila- 
tion have  direct  clinical  knowledge  of  the  in- 
dividual patient  being  ventilated?  Should  that  per- 
son also  have  a  thorough  understanding  of 
cardiorespiratory  physiology  and  pathophysiology, 
plus  a  conceptual  grasp  of  ventilation  strategies, 
available  modes,  and  ventilator  capabilities?  Most 
clinicians  would  agree  that  these  things  would  be 
desirable,  if  not  mandatory.  But  what  about  fa- 
miliarity with  ever>'  control  and  setting  on  the  ven- 
tilator being  used?  And,  for  that  matter,  a  working 
knowledge  of  the  circuitry  and  mechanics  of  that 
ventilator?  As  desirable  as  these  attributes  may  be. 
it  becomes  apparent  that  there  may  be  too  much  for 
most  individuals  dealing  with  patients — whether 
physicians  or  respiratory  care  practitioners — to 
know  about  ventilator  management. 

One  dictionar)'  defines  an  order  as  "a  command, 
direction,  or  instruction,  usually  backed  by  author- 
ity."'" This  definition  emphasizes  the  fact  that  ex- 
pertise cannot  be  the  whole  story  in  ordering  me- 
chanical ventilation.  For  numerous  reasons,  alluded 
to  earlier  and  listed  in  Table  1,  whoever  manages 
mechanical  ventilation  needs  the  authority  to  do  so. 
both  professionally  and  legally.  Who  is  granted  this 
authority  will  vary  a  great  deal  in  different  hos- 
pitals, in  different  population  centers,  and  in  differ- 
ent parts  of  the  world.  Some  of  the  factors  that  may 
affect  how  ventilator  management  is  carried  out  in 
a  particular  institution  are  listed  in  Table  4. 

Ventilator  Settings  or  Outcomes? 

An  order  for  mechanical  ventilation  can  take 
several  forms.  It  may  specify  every  possible  setting 
and  alarm,  or  it  may  be  much  more  general  and 
leave  the  details  to  someone  other  than  the  writer 
of  the  order.  One  may  consider  a  ventilator  order  as 
occupying  one  of  three  possible  levels  (Table  5). 
Here  the  term  level  could  refer  to  the  level  of  ex- 
pertise of  the  person  writing  the  order,  the  level  of 
sophistication  of  some  second  person  whose  ac- 


Table  4.    Who  .Should  Order  and/or  Implement  Mechanical 
Ventilation.':  Instiiution-.Specific  Variables 

Hospital  policy 

Medical  staff  policy 

Knowledge  of  physician 

Technical  skills  of  physician 

Knowledge  of  respiratory  care  practitioner 

Technical  skills  of  respiratory  care  practitioner 

Type  and  complexity  of  individual  case 

Type  and  complexity  of  management 

Staffing  and  coverage  considerations 

Physician 

Respiratory  care  practitiiiner 

Nurses 


tions  are  being  ordered,  or  the  level  of  indepen- 
dence granted  to  that  individual  in  managing  the 
patient. 

One  problem  with  Level- 1  ventilator  orders  is  il- 
lustrated in  Table  6,  which  chronicles  the  ventilator 
orders  for  a  particular  patient  in  my  institution  dur- 
ing one  48-hour  period.  At  this  teaching  hospital, 
only  physicians  (usually  residents)  can  write  ven- 
tilator orders,  and  features  such  as  mode,  tidal  vol- 
ume. Fio;,  and  cycling  frequency  can  be  changed 
only  by  specific  order.  Many  orders  are  given  at 
night,  in  response  to  a  call  from  the  patient's  nurse, 
often  by  cross-covering  residents  not  fully  familiar 
with  the  patient,  and  at  times  when  the  advice  of 
more  senior  trainees  and  attending  physicians  is 
less  readily  available. 

The  orders  in  Table  6  reflect  fine-tuning  ven- 
tilator changes  in  a  patient  whose  underlying  condi- 
tion changed  little  during  the  period  in  question  but 
whose  saturation  and  arterial  blood  gas  values  were 


Table  5.    Possible  Approaches  to  Ordering  Mechanical  Ven- 
tilation 


Level  1:  Individual  Ventilator  Settings 

Examples:  "Decrease  PEEP  from  15tol0cmH2O" 
"Draw  ABG  in  30  min" 

Level  2:  Outcomes 

Examples:  "Adjust  SIMV  rate  to  keep  pH  7.35-7.45" 
"Adjust  Fio:  to  keep  .saturation  90-95%" 

Level  3:  Protocols 

Examples:  "PEEP  trial  per  protocol" 

"Wean  and  extubate  patient  per  protocol" 
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Table  6.    Examples  of  "Level- 1"  Ventilator  Orders* 

"Decrease  IMV  rale  to  14/niin" 
"Increase  Fio:  Ui  0.40" 
"Increase  IMV  rale  lo  17/niin" 
"Decrease  Fio:  to  0.30" 
"Increase  IMV  rule  lo  i^Wnim" 
"Decrease  IMV  rate  lo  Id/iiiin" 
"Increase  Fio:  to  0.40" 
"Decrease  IMV  rale  lo  14/niin" 
"Increase  IMV  rate  lo  Id/mm" 
"Increase  IMV  rale  lo  IS/niin" 


*Ordcrs  written  on  one  palienl  .il  ihc  .iiilhor's  insiiuulon  din- 
ing one  4X-h  perioil.  The  paliem  uas  Llinicall\  siabli.-  hul  c\pcricncci.l 
periods  olagiuitinn  ,\l  lliis  insUiuiKiii.  an  arlerial  hlocid  ^as  spccnncn 
can  be  drawn  al  ihe  nurse's  discretion  wiihoul  a  physician's  order;  ar- 
lerial blood  is  always  drawn  and  analyzed  after  a  change  in  vcnlilalor 
settin"s. 


deliver)'  technit|ik\  aiui  iiKniiior  ihc  effects  of  ther- 
apy. 

.At  the  luisiiilai  in  c|ticstii)n.  a  second  pt'olocol  is 
also  tiscci  lo  tlclcniiinc  whether  aerosol  btoneho- 
dilator  theiap)  should  he  eonliiuied.  thus  eliminating 
uiineeded  theiap)  and  improvinLi  the  efficiency  of 
the  staff  menihers  involved."  At  the  same  in- 
stitution. protocoLs  have  also  been  used  successfully 
for  o.xygcn  therapy  (Fig.  2).  including  built-in  pro- 
\isions  for  contacting  the  patient's  physician  uhen- 
e\ei"  unexpected  ahnormalilies  or  an  inadequate 
iheiapetitic  response  is  encounlered.'- 


fluctuating.  For  each  fluctuation,  the  physician  had 
to  be  notified  and  a  new  order  gi\en.  to  be  followed 
up  by  further  measurements  after  a  suitable  interval. 
The  management  of  this  patient  would  have  been 
simplilied  if  the  \eiililalor  orders  had  specified  oM- 
comes  (eg.  Level  2)  rather  than  miitil  data.  If  a 
range  of  permissible  tidal  volumes.  pH  and  Pco: 
values,  and  Fiq.s  were  specified,  fine-tuning  could 
be  canied  out  by  the  respiratory  care  practitioners  at 
the  bedside,  coordinated  with  the  nursing  staff, 
vvilhotit  (.lirecl  input  from  Ihe  jihysician. 

Protocol-Driven  Ventilator  Manu^ement 

The  third  le\el  of  \entilator  orders  reniains  hvpo- 
thelical  lor  niany  institutions  but  rellects  a  growing 
Irend  within  respiratory  care  that  will  stirelv  find 
wider  acceptance,  figure  I  illustrates  the  u.se  of  a 
therapist-driven  protocol  to  determine  appropriate 
technique  for  aerosol  bronchodilator  therap\  at  one 
hospital."  Such  a  protocol,  once  establisheil  bv  the 
respiratory  care  department,  u  ith  input  from  its  med- 
ical director  and  subsequent  approval  by  the  hos- 
pital's medical  staff,  allows  the  patient's  physician 
to  write  an  order  for  "aerosol  bronchodilator  proto- 
cof  rather  than  specifying  the  route,  dose,  ami  fre- 
quency of  drug  administration  as  is  traiiilionallv 
done.  Within  ihe  liniils  allowed  b\  the  j-Jiotocol.  the 
lespiratory  care  practitioner  can  assess  the  patient, 
determine  the  most  appropriate  and  cost-effective 
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PneumaticaMy  Powered 
SmaU  Volume  Nebulne* 


Fig.  1.  Example  of  an  assessment  protocol  to  determine 
appropriate  technique  for  aerosol  broncfiodilator  ad- 
ministration. The  patient's  physician  orders  the  protocol, 
which  permits  the  respiratory  care  practitioner  to  de- 
termine the  appropriate  technique  according  to  guidelines 
specified  in  the  protocol  and  agreed  upon  by  the  medical 
staff.  A  separate  protocol  is  used  by  the  respiratory  care 
practitioner  at  specified  intervals  to  determine  whether 
the  therapy  should  be  continued.  IPPB  =  intermittent  pos- 
itive-pressure breathing;  VC  =  vital  capacity;  MDI  =  me- 
tered dose  inhaler:  RADS  =  reservoir  aerosol  delivery 
system.  (Reproduced,  with  permission,  from  Reference 
11.) 
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The  llK'iaiiisi-elii\en  protocol  is  ucll  sLiitoii  for 
ventilator  numagcmcnt  (Tahle  3).  although  at 
present  theie  is  less  elinieal  experience  in  this  set- 
tins:   than   with   the   therapies  clescribed.    At   LDS 


Fig.  2.  Example  of  a  therapist-driven  protocol  for  oxygen 
therapy  assessment  and  administration.  Automatic  phy- 
sician contact  and  decision  making  are  built  Into  the  pro- 
tocol In  the  event  of  adverse  event  or  unsuccessful  ther- 
apy. (Reproduced,  with  permission,  from  Reference  12.) 

Hospital  in  Salt  Lake  City,  Utah,  protocol-driven 
management  of  patients  with  severe  acute  respira- 
tory failure  has  been  used  successfully  for  several 
years,  relying  heavily  on  a  computer-based  al- 
gorithmic protocol.''  '■*  No  doubt  other  institutions 
will  report  experience  with  this  type  of  \entilator 
management  in  the  coming  years. 

Conclusions  and  Recommendations 

Variations  in  local  medical  practice,  hospital  by- 
laws, availability  of  skilled  respiratory  care  practi- 
tioners, and  individual  expertise  all  affect  how  ven- 
tilator orders  are  given  in  an  individual  institution. 
Whether  ventilator  management  is  ordered  and  car- 
ried out  bv    specialist  phvsicians,  generalisi   phy- 


sicians, respiratory  care  practitioners,  or  others  de- 
pends on  these  and  other  factors.  However,  the  re- 
cjuirements  for  effective,  safe  ventilator  man- 
agement are  the  same  regardless  of  how  such  issues 
are  handled  at  a  particular  hospital. 

Based  on  the  foregoing  discussion  and  related 
considerations,  1  recommend  the  following  with  re- 
spect to  ventilator  orders: 

•  All  V  entilator  orders  should  be  part  of  the  per- 
manent hos]")ital  record  and  should  be  doc- 
umented appropriately. 

•  A  record  ot  current  ventilator  orders  and  all 
current  settings  should  be  readily  available  in 
the  ICU. 

•  Whenever  possible,  ventilator  orders  should 
take  the  form  t)f  specified  outcomes  (eg.  pH. 
P()i,  total  rate)  or  initiation  of  an  established 
protocol. 

•  An  order  for  ventilatory  support  may  author- 
ize appropriate  individuals  (eg,  qualified  res- 
piratory care  practitioners)  to  independently 
adjust  the  degree  and  form  of  such  support,  in 
accordance  v\  ith  guidelines  established  tor  the 
clinical  setting  in  which  the  order  is  given. 

•  Ventilatory  support  should  be  managed  by 
someone  who  is  competent  in  both  its  medical 
and  its  technical  aspects,  specifically: 

•  initiation  of  ventilatory  support 

•  weaning  and  extubation 

•  patient  monitoring  related  to  ventilatory  sup- 
port. 

•  Ventilatory  support  should  be  managed  by 
someone  who  is  competent  in  the  selection 
and  adjustment  of 

•  ventilatory  mode 

•  Fio, 

•  inspiratory  pressure 

•  end-expiratory  pressure 

•  tidal  volume 

•  breath  rate. 

RKKKRKNCK.S 

1.  Branson  RD.  C'liatburn  Rl,.  Technical  descnplidn  and 
classillcation  iit  nioJcs  of  scnlilator  (ipcralion.  Rcspir 
Care  1 992;37: 1026-1044. 

2.  Kacmarek  RM.  Methods  of  providing  mechanical  \cn- 
tilatory  support.  In:  Pierson  DJ.  Kacmarek  RM.  eds. 
Foundations  of  respiratory  care.  New  York:  Churchill- 
Llvinsjstone.  1992:93.3-971. 


RESPIRATORY  CARE  •  SEPTEMBER  '92  VdI  .^7  No  9 


WHAT  CONSTITUTES  AN  ORDER? 


Rasanen  J,  Downs  JB.  Modes  of  mechanical  ventilator)' 
support.  In:  Kirby  RR.  Banner  MJ.  Downs  JB.  eds.  Clin- 
ical application  of  ventilatory  support,  2nd  ed.  New 
York:  Churchill-Livingstone.  1990:180-203, 
Stoller  JK.  Kacmarek  RM.  Ventilatory  strategies  in  the 
management  of  the  adult  respiratory  distress  syndrome, 
Clin  Chest  Med  1990:1 1:755-772. 
Irwin  RS.  Mechanical  ventilation.  Part  1:  initiation.  In: 
Rippe  JM.  Irwin  RS,  Alpert  JS,  Fink  MP,  eds.  Intensive 
care  medicine.  2nd  ed.  Boston:  Little,  Brown  &  Co, 
1991:562-575. 

Wilson  RS,  Kacmarek  RM.  Airway  management  and 
mechanical  ventilation  during  acute  respiratory  failure. 
In:  Tinker  HJ,  Zapol  WM,  eds.  Care  of  the  critically  ill 
patient.  2nd  ed.  London:  Springer- Verlag.  1992:407-425. 
Ingenito  EP.  Drazen  J,  Mechanical  ventilators.  In:  Hall 
JB,  Schmidt  GA,  Wood  LDH,  eds.  Principles  of  critical 
care.  New  York:  McGraw-Hill,  1992:142-154, 
Shapiro  B.  General  principles  of  airway  pressure  ther- 
apy. In:  Shoemaker  WC,  Ayres  S,  Grenvik  A,  Holbrook 
PR,  Thompson  WL,  eds.  Textbook  of  critical  care,  2nd 
ed.  Philadelphia:  WB  Saunders,  1989:505-515. 


10. 


II. 


13, 


14, 


Tobin  MJ,  ed.  Principles  and  practice  of  mechanical 
ventilation.  New  York:  McGraw-Hill  (in  press), 
Webster's  new  world  dictionary,  college  edition,  Cleve- 
land: The  World  Publishing  Company  Inc,  1960:1031. 
Smoker  JM,  Tangen  MI,  Ferree  SM.  Hess  D.  Rexrode 
WO.  A  protocol  to  assess  and  administer  aerosol  bron- 
chodilalor  therapy.  RespirCare  1986:31:780-785. 
Smoker  JM,   Hess  DR,   Frey-Zeiler  VL,  Tangen  Ml, 
Rexrode  WO,  A  protocol  to  assess  oxygen  therapy,  Res- 
pirCare  1986;31:35-39. 

Henderson  S,  East  TD,  Morris  AH,  Gardner  RM.  Per- 
formance evaluation  of  computerized  clinical  protocols 
for  management  of  arterial  hypoxemia  in  ARDS  pa- 
tients. In:  Kingsland  LC  III,  ed.  Proceedings  of  the  13th 
Annual  Symposium  on  Computer  Applications  in  Med- 
ical Care,  Washington  DC:  IEEE  Computer  Society 
Press,  1989:588-592, 

Morris  AH,  Wallace  CJ,  Clemmer  TP,  Orme  JF  Jr, 
Weaver  LK,  Dean  NC,  et  al.  Extracorporeal  CO2  re- 
moval therapy  for  adult  respiratory  distress  syndrome 
patients,  RespirCare  1990:35:224-231, 
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RE/PIRATORy  CME 


DURING  NATIONAL 
RESPIRATORY  CARE  WEEK 

October  4  - 10, 1992 


Here's  an  opportunity  for  your  facility  to  recognize  the  accomplishments  of  your  respi- 
ratory care  staff  with  a  congratulatory  ad  in  our  special  issue. 

Have  your  message  be  read  by  over  70,000  respiratory  care  practitioners  coast-to-coast. 


Issue: 

Ad  Deadline: 
tPlace  Your  Ad: 


tun  JitiyjiF;>;<im 


J-220-4979 
e:  215-935-8208 


«>  ■«  t« 


Notices  of  compeiilions.  scholarships,  fellowships,  examination  dates,  new  educational  programs,  and  the  like  will  he  listed  here  free  of 
charge.  Items  for  the  Notices  section  must  reach  the  Journal  60  days  before  the  desiix-d  month  of  publicilion  (January  I  lor  the  March 
issue.  February  I  for  the  April  issue,  etc  I.  Include  all  pertinent  information  and  mail  notices  to  RF.SPIRArORY  CARE  Notices  Dcpt. 
1 1030  Abies  Lane,  Dallas  TX  75229-4593. 


Notices 


The  American  Respiratory  Care  Foundation  Awards  for  1992 

Funded  by  Allen  &  Hanburys 

1.  $2,000  for  the  best  original  paper  (study,  eviiluation,  or  case  report)  accepted  for  publication  t'rotii  December  1991  iliroiigh  October 

1992.  Thi.s  award  i.s  noi  limited  to  papers  based  on  OPFN  FORlfM  presentations. 
2    Four  awards  of  51,000  each  tor  papers  accepted  lor  publication  Irom  Nosember  1991  through  October  1992  based  on  any  OPEN 

FORUM  presentation  (not  limited  to  1991  OPEN  FORUM). 
3.  Five  awards  of  $500  each  for  the  best  papers  siihmitted  (not  necessarily  published)  by  1992  OPEN  FORUM  participants  who  have 

'never  published"  in  the  Journal.  The  never-published  first  author  must  present  the  abstract  at  the  Annual  Meeting  and  must  submit  a 

paper  based  on  the  abstract  before  the  1992  .Annual  Meeting  (received  m  the  Editorial  Office  by  November  1.  1992).  Co-authors  may 

have  previously  published  in  RESPIRATORY  CARE. 

Funded  by  Radiometer  America 

Three  awards  of  $33.^  each  are  to  be  awarded  to  the  authors  of  the  three  best  features  from  Test  Your  Radiologic  Skill.  Blood  Gas  Cor- 
ner, and  PFT  Comer  accepted  for  publication  from  No\ember  1991  through  October  1992.  All  three  (or  none)  of  the  features  may  be 
chosen  from  a  specific  category  (eg,  all  three  inay  be  chosen  from  Blood  Gas  Corner). 

Registration  Reimbursement 

As  in  the  past,  any  1992  OPEN  FORUM  presenter  (or  co-author  designee)  will  receive  complimentary  registration  for  an  adequately 
prepared  paper  based  on  his  1992  OPEN  FORUM  abstract,  submitted  prior  to  or  at  the  1992  Annual  Meeting. 

All  awards  will  be  made  at  the  1992  Annual  Meeting.  Papers  are  judged  automatically.  No  application  is  necessary. 


THE  N.4TION.\L  BOARD  FOR  RESPIRATORY  CARE— 1992  Examination  and  Fee  Schedule 

CRTT  Examination 

Fee  Schedule 

Entry  Level  CRTT — new  applicant: 

$  90.00 

EXAMINATION  DATE:                             NOVEMBER  14 

1992 

Entry  Level  CRTT — reapplicant: 

$  60.00 

.Applications  .Accepted  Beginning:                                 July  1 

1992 

RRT  Written  and  Clinical  Simulation — 

Application  Deadline:                                          September  1 

1992 

new  applicant: 

Written  Registry  Only — new  applicant: 

$190.00 
$  90.00 

RRT  Examination 

Written  Registry  Only — reapplicant: 

$  60.00 

Clinical  Simulation  Only  new  and  reapplicant 

$100.00 

EXAMINATION  DATE:                                DECEMBER  5 

1992 

Entry  Level  CPFT  new  applicant: 

$100.00 

.Applications  .Accepted  Beginning:                                June  1 

1992 

Entry  Level  CPFT — reapplicant: 

$  80.00 

.Application  Deadline:                                               August  1 

1992 

Advanced  RPFT — new  applicant: 
Advanced  RPFT — reapplicant: 

SI. 50.00 
$130.00 

RPFT  Examination 

Active 

Inactive 

EXAMINATION  DATE:                                DECEMBER  5 

1992 

CRTT  Recredentialing: 

$25.00 

$  60.00 

Applications  Accepted  Beginning:                                 July  1 

1992 

RRT  Recredentialing: 

Application  Deadline:                                          September  1 

1992 

Written  Registry  Examination 

$25.00 

S  60.00 

Clinical  Simulation  Examination 

$65.00 

$100.00 

Perinatal/Pediatric  Specialty  Examination 

CPFT  Recredentialing: 

$25.00 

$80.00 

RPFT  Recredentialing: 

$25.00 

$130.00 

EXAMINATION  DATE:                                       MARCH  1 

1993 

P/P  SPEC: 

$25.00 

$130.00 

Applications  Accepted  Beginning:                       September  1 

1992 

Membership  Renewal: 

Application  Deadline:                                             November  1 

1992 

CRTT/RRT/CPFT/RPFT 

$  1 2.00 

8310  Neiman  Road  • 

[.enexa. 

Kansas  66214  •  (913)  599-4200 
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Calendar 
of  Events 


CALENDAR 

Nol-for-profil  organizations  are  offered  a  free  adveniscmeni  of  up  to  eight  lines  to  appear,  on  a  space-available  basis,  in  Calendar  of 
Events  in  RE.SPIRATORY  CARE  Ads  for  other  meetings  arc  priced  at  S5.50  per  line  and  require  an  insertion  order.  Deadline  is  the 
21>lh  of  the  month  (wo  months  preceding  the  month  you  wish  the  ad  to  run.  Submit  copy  and  in.sertion  orders  to;  Calendar  of  Events. 
RtvSflRATORY  Cark.  1  lO.TO  Abies  Lane  •  Dallas  TX  75229-4593. 


AARC  &  AFFILIATES 

September   17-18  in   Tucson.  Arizona.  The  AzSRC 

hdsts  its  .Annual  Meeting  at  the  Tucson  National  Resort, 
Golt  Club,  and  Spa.  Contact  Becky  Shoci^lee,  3341  N 
31st  St  #108,  Phoenix  AZ  85016. 

September  17-18  in  Bethel,  Maine.  The  Annual  Fall 
Seminar,  presented  by  the  MSRC,  is  held  at  the  Bethel 

Inn  &  Country  Club.  Come  get  a  taste  of  New  England 
and  its  beauty  in  the  Fall.  Enjoy  acti\ities  such  as  an  18- 
hole  championship  golf  course,  tennis,  canoeing,  swim- 
ming, an  outdoor  barbecue,  and  much  more!  Plenty  of 
outstanding  speakers,  topics,  and  vendors  present  the  lat- 
est in  available  technolo-gies.  Contact  Edward  Amend. 
2810  Isthmus  Rd.  Rumford  ME  04276-9724.  (207)  364- 
4581,  e.\t  362. 

September  23  AARC  Videoconference.  The  AARC,  in 

conjunction  with  VHA  Satellite  Network,  presents  ■■Aer- 
osol Administration."  one  in  a  series  of  live  satellite  vid- 
eoconferences  titled  ■"Professor's  Rounds  in  Respiratory 
Care."  Featured  presenters  are  David  J  Pierson  MD  and 
Dean  Hess  MEd  RRT.  Site  registration  for  entire  staff  is 
$245  for  AARC  members.  Call  (214)  830-0061. 

September  24-25  in  Indianapolis.  Indiana.  The  ISRC 

presents  its  Fall  Conference  at  the  Marriott  Inn.  The 
awards  ceremony  and  Sputum  Bowl  are  held  on  Thurs- 
day. Contact  Jan  Doherty  (800)  327-3152  or  (219)  761- 
3607. 

September   24-25   in    Napa.   California.   The   CSRC. 

Chapter  10.  the  American  Lung  AsscKiation  of  the  Red- 
wood Empire,  and  the  respiratory  therapy  program  at 
Napa  Valley  College  present  the  10th  Annual  Napa  Val- 
ley Conference,  "'Current  Concepts  in  Cardiopulmonary 
Care."  Topics  include  international  strategies  on  asthma 
therapy,  alternative  methods  of  mechanical  ventilation, 
liquid  pertluorochemical  ventilation,  update  on  clinical 
practice  guidelines,  HIV  infection  in  children,  and  reper- 
fusion  therapy.  Speakers  include  Lana  Hilling,  CRTT, 
and  Drs  John  Hodgkin,  Irwin  Ziment,  James  Hurst,  and 
William  Can/.  Call  (707)  253-3145. 

September   29-30   in   Honolulu.   Hawaii.  The   HSRC 

holds  its  19th  Annual  Rcspiraltiry  Care  Conference  at  the 
Hilton  Hawaiian  Village  Hotel.  Contact  Helen  M  Ono 
RRT,  1717  Palolo  Ave,  Honolulu  III  96816.  (808)  547- 
9532. 


September  30-{)ctober  2  in  Traverse  City.  Michigan. 

The  MSRC  presents  its  .Annual  Fall  Conference  at  the 
Shanty  Creek/Schuss  Mountain  Resort.  The  general  ses- 
sion focuses  on  asthma  management,  critical  care,  ven- 
tilation and  wa\eform  interpretation,  nutrition,  and  risk 
management.  Also,  the  Cardiopulmonary  Diagnostics 
Membership  Section  presents  pulmonary  function  and 
sleep  disorder  testing.  Social  events  include  a  wine-and- 
chee.se  reception,  golf  outing,  cookout,  and  dance.  Con- 
tact Beth  Hill  RRT.  Bay  Medical  Center,  Respiratory 
Care  Dept,  1900  Columbus  Ave,  Bay  City  Ml  48708. 
(517)894-3166. 

October  2-4  in  Key  West,  Florida.  Chapter  1  of  the 
FSRC  and  Sunset  Seminars  present  the  6th  Annual 
Southernmost  Sunset  Seminar  at  the  Holiday  Inn  Beach- 
side.  Registration  includes  a  Saturday  evening  confer- 
ence abiiard  the  .Atlantic  X  dinner/casino  cruise  ship. 
Contact  Da\e  Robbins.  Coral  Gables  Hospital.  3100 
Douglas  Rd.  Coral  Gables  FL  33 1 34.  (305 )  44 1  -68 1 9. 

October  14  in  Auckland.  New  Zealand.  The  NZSRC 

presents  its  .Annual  Scientific  Meeting  at  the  .Aotea  Cen- 
tre. The  meeting  precedes  the  Australian-New  Zealand 
lntensi\e  Care  Society  Conference.  Contact  Graeme 
A'Court.  PO  Bo.x  10148,  Balmoral,  Auckland,  New 
Zealand.  (643)  640640. 

October  16  in  Long  Island.  New  ^ork.  The  South- 
eastern Chapter  of  the  NYSSRC  presents  its  24th 
Annual  Symposium.  ■"Focus  on  Technologs.""  at  the 
Marriott  Hotel  in  Uniondale.  Speakers  include  Michael 
McPeck.  Nathan  Seriff,  Joseph  Lore,  Steven  Marzo, 
Margaret  McGo\ern.  and  .AARC  President  Boh  Demers, 
wht)  present  ■■Clinical  Hazards  Associated  with  Aero- 
sols." Contact  Ken  Nugent  RRT  (516)  444-851 1. 

October  28-29  in  Sturbridge.  Massachusetts.  The 
MSRC  presents  its  15th  Annual  Meeting  and  Exhibition 
at  the  Sturbridge  Host  Hotel  and  Conference  Center. 
Topics  include  adult  and  neonatal  ventilator  man- 
agement, the  RCP"s  role  in  smoking  cessation,  and  inter- 
pretation of  \entilator  graphics.  Events  include  Sputum 
Bowl,  golf  tournament,  and  awards  banquet.  Contact 
Bill  McGarry  CPFT  RRT.  Respiratory  Care,  Beth  Israel 
Hospital.  330  Brookline  Ave.  Boston  MA  02215.  (617) 
284-0782. 

October  30  in  Hear  Mountain.  New  York.  The  Hud- 
son Valley  Chapter  of  the  NYSSRC  presents  its  Annual 
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Educational  Seminar.  "Challenging  Issues  in  the  Res- 
piratory Care  Environment,"  at  the  Bear  Mountain  Inn. 
Topics  include  patient  assessment,  infection  control,  and 

risk  management.  Contact  Larry  Lyman  (914)  3.'i8-6200. 
pager  600. 

February  16-19  in  Reno.  Nevada.  The  American  Lung 
Association  of  Nevada  and  The  Nevada  Society  for  Res- 
piratory Care  presents  the  12th  Annual  High  Sierra  Crit- 
ical Care  Conference  at  the  Peppermill  Hotel  Casino. 
Topics  include  adult,  pediatric  and  neonatal  critical  care 
issues.  Contact  Donna  Turner.  American  Lung  Associa- 
tion of  Nevada,  PO  Box  7056,  Reno  NV  89510.  (702) 
829-5864  (9  am  -  3  pm  PST). 


OTHER  MEETINGS 


September  17-20  in  Chicago,  Illinois.  The  Uni\ersity 
of  Health  Sciences/Chicago  Medical  School,  Office  of 
Continuing  Medical  Education,  and  the  Institute  for  Crit- 
ical Care  Medicine  sponsor  the  11th  Annual  Chicago 
Critical  Care  Symposium  and  Review  Course.  The  meet- 
ing will  he  held  at  the  Hyatt  Regency  O'Hare.  Contact 
Elizabeth  Bruechert,  CME  Office.  3333  Green  Bay  Rd, 
N  Chicago  IL  60064,  (708)  578-3214,  fax  (708)  578- 
3320. 

September  18  in  Beaumont,  Texas.  The  respiratory 
care  department  of  St  Elizabeth  Hospital  presents  its  4th 
Annual  Educational  Seminar.  National  and  local  speak- 
ers lecture  on  a  wide  variety  of  topics  for  practitioners  of 
all  specialty  areas.  Contact  Greg  Rodgers  RRT  (409) 
899-7065. 

September  21-22  in  .Ann  Arbor,  Michigan.  The  Uni- 
versity of  Michigan  Medical  School's  Department  of 
Internal  Medicine  presents  "Update  on  Pulmonary  and 
Critical  Care  Medicine."  The  course  features  updates  on 
controversies  and  evolving  technologies  in  pulmonary 
and  critical  care  medicine.  Contact  Edwina  Borde.  Con- 
ference Registrar,  Towsley  Center  for  Continuing  Med- 
ical Education.  Department  of  Post  Graduate  Medicine. 
University  of  Michigan  Medical  School.  PO  Box  1157, 
Ann  Arbor  MI  48106-1 157. 

October  9-10  in  Vail,  Colorado.  The  Colorado 
Advanced  Life  Support  Committee  holds  its  Biennial 
Resuscitation  Conference.  "Fresh  Perspectives  on  ACLS 
and  PALS,"  at  the  Westin  Hotel.  Join  Joseph  Ornato 
MD  and  James  Seidel  MD,  among  others,  for  state-of- 
the-art  therapy  and  a  review  of  the  Dallas  ECC  Confer- 


ence during  the  beautiful  Fall  season  in  the  Rockies. 
Contact  Colorado  ALS.  PO  Box  440895.  Aurora  CO 
80044.(303)363-8380. 

October  11-13  in  Arlington,  Virginia.  The  first 
National  Asthma  Conference  is  scheduled  to  hold  a 
workshop  specifically  for  respiratory  care  practitioners 
during  the  conference.  The  workshop  has  been  approved 
for  9  continuing  education  credits  by  the  AARC.  and  is 
open  to  any  respiratory  care  practitioner  who  wishes  to 
attend.  Contact  NHLBI  (.301)  951-3275. 

October  11-18  in  Pulmonary  Patient  Cruise.  LIFE 
Unlimited  presents  a  "Western  Caribbean  Cruise"  for 
pulmonary  patients,  their  families,  and  friends  aboard 
the  S.S.  Seabreeze.  Cruise  from  Miami  to  Grand  Cay- 
man. Montego  Bay,  and  Cozumel  with  private  escorted 
tours  and  24-hour  professional  services.  Reservation 
deadline  is  Sept.  4.  Contact  Dave  Robbins,  LIFE  Unlim- 
ited, I7I01  SW  200  St,  Box  Z28,  Miami  FL  33187.  or 
calK 800)  621-4571  or  (305)  441-6819. 

October  24-29  in  Jerusalem,  Israel.  XIV  World  Con- 
gress of  Asthmalogy.  Topics  to  be  presented  include 
molecular  biology  in  lung  disease,  cells  involved  in 
asthma,  and  house  dust  mite  and  asthma.  Abstracts  are 
being  accepted  now.     Contact  Gil  Kenes,   1617  JFD 

Blvd,  Suite  946.  Philadelphia  PA  19103.  (800)  223- 
3855. 

November  18-21  in  Miami  Beach,  Florida.  The  Uni- 
versity of  Miami.  Division  of  Neonatology-Department 
of  Pediatrics,  presents  its  Annual  Neonatal  Symposium. 
"New  Developments  in  Neonatal  Respiratory  Care."  at 
the  Doral  Ocean  Beach  Resort.  The  symposium  will 
include  lectures,  discussions,  and  a  workshop  on  pul- 
monary function  testing  in  neonates.  Contact  Charles  R 
Bauer.  MD,  Program  Co-Director,  University  of  Miami- 
Department  of  Pediatrics  (R-131).  PO  Box  016960. 
Miami  FL  33101.  (305)  547-5808,  fax  (305)  547-3501. 

March  3-5  in  Lyon,  France.  The  Joumees  Inter- 
nationales de  Ventilation  a  Domicile  presents  the  Inter- 
national Conference  on  Home  Mechanical  Ventilation. 
The  meeting  includes  scientific  sessions,  practical  edu- 
cation sessions,  and  poster  presentations  and  exhibits. 
Simultaneous  translation  (French/English)  will  be 
offered.  Deadline  for  abstracts  is  December  1992.  Write: 
JIVD  (SRMAR)  93.  Grande  Rue  de  la  Croix-Rousse, 
69317  Lyon  Cedex  04,  France,  or  call  (33)  78  39  08  43, 
fax  (33)  78  29  98  94. 
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The 


Sulfate 
Solution 

A  High  Quality 

Generrc 

From 


Announcing  Albuterol  Sulfate  Inhalation 
Solution  0.083%*  in  3  mL  unit-dose 
vials  from  DEY  Laboratories,  a  leading 
provider  of  guality  pharmaceuticals  and 
solutions  in  U.S.  hospitals  for  over  a  decade. 

Today,  DEY  introduces  an  alternative  to 
Proventil"  and  Ventolin"  Solutions  for  Inhalation. 
Give  your  patients  the  quality  they  deserve, 
with  the  cost  savings  you  want.  Effective 
therapy,  effectively  delivered. 

Depend  on  Quality. 
Depend  on  DEY. 


s  1992  DEY  Laboratories.  Inc. 

Proventil  is  a  registered  trademark  of  Schenng  Corporation 

V&ntolin  IS  a  registered  trademark  of  Allen  &  Hanburys. 

09-704-00 

3/92 


•  Unit-dose  packaging  (premixed) 

•  Sterile  and  preservative  free 

•  Nebulizes  without  foaming 

•  Easy  opening  and  administration 

•  No  cross  contamination 

For  additional  product 
information  call: 

1-800-755-5560 

To  order: 

1-800-527-4278 


Inspirations  through  pharmaceutical  solutions 
DEY  LABORATORIES,  INC. 


35  viats 


^75' Ndpd  vane,  oi^'pordlE  On.e   -  .'•apa.  CA  34SS8 
800/859-9005     ;07/224-3200     FAX  707/224-3235 


Inhalation 
0.083H' 

3  TiL 


Sohltloo 


A 


Lipha  Americas  company 


,dSL> 


•ftitency  expressed  as  albuterol 
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RESPIRADYNE^n 

PULMONARY   FUNCTION /VENTIL^^fiHoff  MONITOR 
Graphic  Printouts... Multi-Patient  Memory... and  Easy  to  Use 

Results-Oriented  Features  At  Cost  Effective  Prices 

■   New  Graphic  Forced  Vital  Capacity  (FVCl  document  printout  of  Flow  vs  Volume  and 
Volume  vs  Time  ■  New  10  patient  memory  with  8  pre-bronchodilator  and  8  post- 
bronchodilator  tests  per  patient  and  automatic  calculation  of  %  change  ■  New  customizing 
software  package  ■  New  Slow  Vital  Capacity  ISVCI  monitoring  ■  Automatic  determination 
of  "best  test"  ■  Knudson,  ITS  and  ECCS  reference  nomograms  ■   Easy  to  operate 


Performs  A  Complete  Range  Of  Test  Measurements 

Forced  Exhalation  Parameters 

■  Forced  Vital  Capacity  IFVCI  ■  Forced  Expiratory  Volume  in  One  Second  I FEV, I 

■  FEV, /FVC  Ratio  ■  FVC  Time  ■  Peak  Flow  ■  Forced  Expiratory  Flow  BeUveen  25% 
and  75%  of  Vital  Capacity  (FEF  25-7^)  ■   Percent  Extrapolated  Volume  (Vol.  „tra%) 

Weaning /Extubation  Parameters 

■  Respiratory  Rate  (RR|  ■  Tidal  Volume  (TVl  ■  Minute  Volume  (MVI  ■  Slow  Vital 
Capacity  ISVCI  ■  Maximum  Voluntary  Ventilation  (MVV)  ■  Negative  Inspiratory 
Force  (NIFl 


For  further  information,  call: 


1  800  325  7472  (outside  Missouri) 

A  Sherujood 

^^ MEDICBL 


I  800-392-7318  (in  Missouri) 
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